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A b s tra c t
New tissue substitute materials known as Cross-linked Hydrophilic Copolymers 
have been investigated in order to determine their suitability as phantoms for 
mammography applications. The main requirement of a radiation phantom is that the 
radiation interactions within the phantom should match those interactions that would take 
place in the simulated body organ or tissue. The potential of cross-linked hydrophilic 
copolymers, as tissue substitute materials, in simulating the photon attenuation and 
scattering responses of human soft tissues has been evaluated.
The cross-linked hydrophilic copolymers used in this study, designated as ED IS 
and ED4C, were based upon a combination of polyvinylpyrrolidone : methyl methacrylate 
and are able to take up a controllable amount of water without being dissolved in it. The 
hydrophilic materials in dry and hydrated states have been irradiated in order to estimate 
their mass and linear photon attenuation coefficients. The materials were hydrated in 
double distilled water and various solutions of sodium hydroxide (NaOH), hydrochloride 
(HC1) and copper sulphate (CuS04) as well as plasma tissue substitute material known 
as Haemaccel® (Polygeline). The effect of the pH value of the absorbent on the linear 
expansion of the hydrophilic materials was investigated. Moreover, the attenuation 
properties of the hydrophilic materials were verified at a range of hydration levels where 
double distilled water was used as an absorbent. The XCOM computer code was used 
to calculate the mass photon attenuation coefficients of the hydrophilic materials and the 
results were compared to the measured values. Furthermore, the electron densities of the 
cross-linked hydrophilic copolymers were determined.
Normal and pathological breast tissue samples (adipose, glandular and tumour) 
excised from nine postmenopausal breast cancer patients undergoing mastectomies were 
collected from the Histopathology Department at the Royal Surrey County Hospital as 
fresh and blood free samples. The linear photon attenuation coefficients and the electron 
densities of the breast tissue samples were independently measured and compared to both 
the hydrophilic materials and the published data for breast tissues. The breast tissue
I
samples were examined after freeze drying and the results were corrected for the water 
reduction by the use of the Mixture Rule. The water content of each tissue type was 
determined as the weight lost during the freeze drying process. The technique of Photon 
Transmission Tomography (PTT) was used to measure the linear attenuation coefficients 
of the materials and the tissue samples whereas their electron densities were determined 
by the employment of the technique of Compton Scattering Densitometry (CSD). For 
both the PTT and CSD techniques, an encapsulated americium-241 radiation source of 
photons of energy 59.50 keV and a high purity germanium (HPGe) detector were used. 
Chemical substances of known mass and linear photon attenuation coefficients and 
electron densities were employed in order to investigate the performance of the PTT and 
CSD systems.
II
D edicated to my parents who revive the faith in me to observe the
commands o f Allah in acquiring knowledge. Allah says in the Holy 
Quran:
" And say: O my Lord! advance me in knowledge
Ill
A c k n o w le d g e m e n ts
With great pleasure, I would like to thank the Government of Dubai ( U.A.E.) for 
the scholarship award. My gratitude goes to the soul of my first supervisor Professor D. 
Jackson the former head of the Physics Department at the University of Surrey who died 
during the first few months of this research (February 1991). I am grateful to my second 
supervisor Dr. N. M. Spyrou who kindly offered me a full supervision after the death of 
Prof. Jackson and without whom this work would not be completed. Many thanks to Dr. 
D. J. Highgate for the valuable time he gave me to discuss the work related to the 
hydrophilic materials. I highly appreciate the advice I received from Dr. Y. Nedjadi and 
his efforts in being a proof reader for one of the chapters of this thesis. I also gratefully 
acknowledge the assistance I had from Dr. P. Jackson in the Histopathology Department 
at the Royal Surrey County Hospital.
I would like to avail the opportunity to thank all my colleagues in the Radiation 
Physics Group especially Dr. J. Sharaf, Dr. O. A. Akanle, Dr. D. AI-Azmi, Dr. B.Ama’ee, 
Dr. W. Altaf, M. Al-amin, and O. Assatel for their help and the intellectual discussions 
we had over the years at the Physics Department. I am also grateful to many staff 
members in the Physics Department for their assistance and the friendly atmosphere they 
created; namely to the secretaries, the computer unit staff, the staff in the mechanical and 
electronic workshops especially Mr. W. Scherrer and Mr. D. Conway and the radiation 
technicians, in particular, Mr. P. Fowler. My sincere gratitude goes to my friends whom 
I met in the Islamic Society at the University of Surrey who provided me with 
unforgettable spiritual support.
Finally and forever, my warmest appreciations are for my mother and the soul of 
my father for their love and wisdom and for all members of my family for the precious 
support they are giving me without which my life would be difficult.
IV
C o n te n ts
Abstract I
Acknowledgements iv
Chapter 1
Introduction. 1
Chapter 2
The Female Breast Tissue. 8
2.1 Breast anatomy. 8
2.2 Breast tissue composition. 9
2.3 Breast cancer. 14
2.3.1 Risk factors of breast cancer. 15
Geographical and ethnic factors. 15
Ageing factor. 16
Hormonal status. 16
Hereditary factor. 17
Health history. 17
2.4 Breast images. 17
2.4.1 Radiological mammography. 18
X-ray mammogram. 18
X-ray spectrum influence on mammograms. 19
2.4.2 Thermography. 22
2.4.3 Ultrasound. 23
2.4.4 Computed tomography. 23
2.4.5 Radioisotope imaging. 24
2.4.6 Magnetic resonance imaging. 24
2.5 Breast screening. 25
i
2.5.1 The UK Breast Screening Programme. 25
2.5.2 Other major breast screening trails. 27
2.6 Breast tissue radiosensitivity. 28
2.6.1 Radiosensitivity. 28
2.6.2 Radiation induced breast cancer and its sources of 
information. 29
Chapter 3
Tissue Substitute Materials and Phantoms. 35
3.1 Tissue characterisation. 35
3.2 Attenuation coefficients. 36
3.3 Tissue substitute materials. 40
3.3.1 Tissue substitute materials requirements. 40
3.3.2 Tissue simulation methods. 41
Elemental equivalent technique. 41
The effective atomic number (Zeff). 42
The basic data method. 44
3.3.3 Review of tissue substitute materials. 44
3.4 Phantoms in ionising radiation applications. 46
3.4.1 Phantom specifications and types. 47
3.4.2 Mammography phantoms review. 51
Chapter 4
Photon Transmission Tomography. 56
4.1 Introduction. 56
4.2 Image reconstruction. 57
4.2.1 Information Process. 57
4.2.2 Data collection. 59
4.2.3 Projection construction. 60
4.2.4 Reconstruction techniques. 65
Summation method. 65
ii
Two dimensional Fourier reconstruction. 66
Filtered back projection method. 69
4.2.5 Data sampling. 70
4.3 The experimental work. 71
4.3.1 The scanning set-up. 71
4.3.2 The dual photopeak window method. 73
4.3.3 Performance of the scanning system. 75
4.3.4 Breast tissue specimen preparations. 82
4.3.5 Breast tissue tomographic scanning. 83
4.4 Results and discussion. 85
4.5 Conclusions. 96
Chapter 5
Hydrophilic Materials. 99
5.1 Introduction. 99
5.2 Hydrophilic polymers. 101
5.2.1 Chemical and physical properties of hydrophilic 
substances. 101
5.2.2 Applications in medicine. 103
5.3 Attenuation properties of the hydrophilic materials. 104
5.3.1 Solid and powder hydrophilic samples. 104
5.3.2 Results and discussion. 105
5.3.3 Hydration level effect. 112
5.3.4 Results and discussion. 113
5.4 pH effect on hydrophilic materials. 120
5.4.1 Results and discussion. 120
5.5 Hydrophilic and tissue substitute materials. 127
5.5.1 Liquid as tissue substitute materials. 128
5.5.2 Results and discussion. 130
5.5.3 Solid tissue substitute materials. 134
5.5.4 Results and discussion. 134
in
5.6 Conclusions. 141
Chapter 6
Compton Scattering Densitometry. 142
6.1 Introduction. 142
6.2 Theory. 144
6.3 Factor affecting accuracy in CSD technique. 151
6.3.1 Source and detector. 154
6.3.2 Scattering angle. 154
6.3.3 Statistical error analysis. 160
6.4 The CSD experimental set-up. 161
6.4.1 The CSD system performance. 164
6.4.2 Results and discussion. 167
6.5 Breast tissue and hydrophilic material measurements. 172
6.5.1 Results and discussion. 172
6.6 Conclusions. 178
Chapter 7
Conclusions. 179
References. 187
Appendices. 216
Appendix-1 216
Appendix-2 217
Appendix-3 231
Appendix-4 234
Appendix-5 235
iv
C h a p te r  1
I n t r o d u c t io n
Breast cancer continues to be a conspicuous woman’s health problem, comprising 
28% of all female cancers [ZAP92]. The medical statistics show a 2.5 percent annual rise 
in new cases of breast cancer in the European Union countries [MIH93]. In Britain, 1 in 
12 women will develop breast cancer at some time in their life and each year there are 
typically 24000 new cases and 15000 deaths from the disease. It is estimated that a 
woman dies every 40 minutes because of breast cancer which is considered as the highest 
mortality rate in Western Europe and North America [FOR86]. In men breast cancer is 
a rare disease with approximately 170 cases and 100 deaths occurring annually in the U.K. 
[HMS88],
The cause of breast cancer is still not known and at present there are no means of 
primary prevention. However, to decrease this high mortality rate the cancerous tumours 
need to be detected at a very early stage before the patient presents with symptoms. This 
is a secondary prevention approach and has been followed both nationally and regionally 
in many countries through breast screening programmes. A primary prevention of 
carcinoma of the breast has been initiated as an approach through research on breast 
cancer risk factors. Factors which increase the risk of breast cancer are: increasing age 
(the incidence rate is low for women aged under 30 years whereas it is high above 50 
years), late childbearing (first child after the age of 30 years), nulliparity (no children), 
early menarche, late menopause, family history (first degree relatives- mother or sister), 
obesity and ionising radiation. There are other factors which are still under evaluation 
such as high fat diet, prolonged use of hormone replacement therapy at high doses, oral 
contraception (prolonged use for young women before first pregnancy), history of benign 
breast diseases, alcohol and stress. Facts which emerge from international studies of 
breast cancer show that the majority of the risk factors are related to the woman’s 
reproductive history and it seems that hormones, particularly oestrogen, play an important 
role in the development of breast cancer. Recently, research on the evaluation of the gene 
involved in developing breast cancer has been carried out in order to identify it and to
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study its interaction with other risk factors [BR093].
Four types of treatment- surgery, radiotherapy, hormone therapy and 
chemotherapy- are employed in the management of breast cancers. The outcome of the 
treatments depends upon the stage at which the disease is diagnosed. The earlier the 
breast cancer is diagnosed, the better is the survival rate. Invasive breast cancers detected 
while the tumour is small are less likely to have metastasised to local lymph nodes or 
distant sites than larger tumours. Non-invasive or very small invasive tumours are 
generally regarded as constituting early stage disease [FOR86]. In order to detect breast 
cancerous tissues at the early stages, a national breast screening programme was initiated 
in Britain, March 1988, which implemented the recommendations of the Forrest Report 
(1986). In 1986 a working group chaired by Sir Patrick Forrest recommended the 
establishment of a breast cancer screening programme. The screening programme is 
implemented to screen women aged 50-64 years at three years’ interval by the use of 
mammography to perform a single medio-lateral oblique view. Women 65 and over may 
be screened on request [FOR86]. A nation wide service was recommended to be 
established by 1990. The benefit of the breast screening programme is based on evidence 
of positive results from trials overseas. The European (Kopparberg and Ostergotland in 
Sweden) and American (the Health Insurance Plan, HIP, of New York) studies have 
demonstrated reductions in the mortality of about 30% which left no doubt that women 
who were offered screening, particularly aged 50 and over, have a lower mortality from 
breast cancer than those who are not screened. The importance of breast screening in the 
UK is related in the Health of the Nation Targets:" To reduce the death rate for breast 
cancer in the population invited for screening by at least 25% by the year 2000 (from 95.1 
per a 100,000 population in 1990 to no more than 71.3 per 100,000)" [FAU94]1.
Effective screening demands high-quality mammography so that small and 
preinvasive breast cancer can be detected especially because healthy women are involved. 
Mammography is a technique for radiographic examination of female human breast. Its 
principle depends upon differential absorption of radiation within the tissues to produce 
a detailed outline of the internal structures. Mammographic features which are sought by 
radiologists are of two main types: abnormalities of soft tissues and calcification. In the
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very dense breast, perception of small soft tissue masses or areas of distortion may be 
subtle. Indeed, masses may be obscured by normal breast tissues. It is often suggested 
that mammography is relatively ineffective in younger women because their breast tissues 
are composed primarily of dense glandular tissue that significantly limits the accuracy of 
mammography. However, with maturity there is a greatly increased amount of fat within 
the breast with regression of glandular tissue which provides a background where small 
cancers can be detected more readily. On the other hand, perception of soft tissue 
abnormalities is relatively straightforward in a fatty breast where there is good contrast 
between abnormality and surrounding breast tissue. The characteristic radiological 
appearance, in terms of contrast and shape, of breast calcification play an important role 
in the diagnosis of breast diseases [OTH79]2[UND94]. Microcalcifications are the most 
frequent indication of early breast cancer and thus should be detected before a mass is 
palpable [MIL76]. Microcalcifications occur in both malignant and benign lesions of the 
breast. Microcalcifications of malignant type are fine in character, clustered and quite 
numerous. Benign calcifications are more likely to be round, uniform, coarse (larger than 
malignant calcifications), fewer in number and scattered in distribution. The visualization 
of microcalcifications (100-200 (im [DAN94]) and the differentiation of those associated 
with cancer from those associated with a variety of benign masses are the main challenges 
in mammography.
From the above discussion we can deduce that the main requirements for efficient 
screening mammography are: (i) to visualize microcalcification, (ii) to classify the benign 
calcification from the malignant one and (iii) to detect the subtle differences in the 
attenuation properties of normal and abnormal soft tissues of the breast which reflect the 
small differences in both the elemental compositions and the densities. To meet these 
requirements, mammograms must have a high resolution and high subject contrast. This 
must be achieved without a significant risk of inducing cancer in the breast since it is 
considered to be a particularly radiosensitive organ. A hypothesis states that no dose of 
radiation, however small, is without some chance of causing cancer [MOL75]. On the 
other hand, limiting the absorbed dose to the breast reduces the risk of cancer induction. 
The general parameters influencing dose in mammography are well documented. These 
parameters are: tube voltage (kV), the size of the x-ray beam, the sensitivity or speed of
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the film-screen receptor, the film processing and the breast composition and size. The 
absorbed dose can be standardized by controlling all these parameters except the breast 
composition and the size factor which introduces large variations in the absorbed dose 
among individuals. Some breasts are large and may require more than one film per view. 
The thickness of breasts varies among women and thus thicker breasts require a greater 
entrance dose compared to the thin ones. The elemental compositions of breast tissues 
differ from female to female and accordingly some breasts are denser than others which 
also causes the entrance dose to be greater.
Maximizing the performance of the mammogram examinations and at the same 
time minimizing the radiation absorbed dose to the breast organ must always be under 
observation. This is usually maintained through quality assurance procedures by the use 
of mammography phantoms. A mammography phantom is a device that mimics the shape 
and the composition of the breast in order to simulate the radiation interactions in the 
breast organ. The phantom must be sensitive to small changes in the performance of 
mammography systems and provides some means to evaluate the absorbed dose of the 
breast tissues. In order to employ a tissue substitute material for phantom formation 
which simulates breast tissues, the elemental composition of the breast must be known. 
Elemental composition of human tissues varies by about 5-10% among individuals due 
to variation in diet, age, sex, health status, physical activity, culture and geographic areas. 
In the case of the breast tissues, the ageing factor plays the major role in the elemental 
composition variation.
In order to overcome the dilemma of the large differences in the elemental 
composition of the breast tissues, the average breast tissue concept, which is 50% adipose 
tissues and 50% glandular tissues, was introduced by White [WHI74] [WHI77]1. 
Hammerstein and co-workers [HAM79] based their work of mammography dose 
evaluation on the average breast formula. They concluded that the mean glandular dose 
is the most relevant indicator of risk in mammography. The Institute of Physical Sciences 
in Medicine, IPSM Report-59, has adopted the concept mean dose to the glandular tissues 
of the standard breast. The limiting value of the mean glandular dose to the standard 
breast has been estimated not to be more than 3mGy/film using a grid [FIT89]. A
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perspex phantom (4 cm thick) was used to evaluate that dose. Conversion factors have 
been specially calculated by Monte Carlo theoretical modelling (Dance 1984) to relate a 
readily measured quantity for the perspex phantom to the mean glandular dose for the 
standard breast [FIT89]. Two factors were used; the first converts the air kerma for the 
perspex phantom to that for the standard breast and the second converts the air kerma for 
the breast to mean glandular dose. The standard breast model of the IPSM is represented 
as a compressed breast which has the following characteristics: elemental composition of 
the average breast, 4.5 cm thick, cross-sectional area of about 100 cm2, 152 g of 
glandular tissue and 0.05 cm thick adipose sheath. However, studies on women 
populations reveal that the breast organ has wide ranges of size, thickness and percentage 
of weights of glandular and adipose tissues. In addition, the studies suggested that breast 
elemental composition analysis needs further research. If, for example, the "large breast" 
size - which covers about 10-15% of the population - is considered, we may find that it 
has a thickness of about 6 cm, an area of 300 cm2 and approximately a mass of 749 g of 
glandular tissues [BRE94]. This leads to an increase in the absorbed dose by a factor of 
about 14 compared to that predicted by the IPSM model.
The most important aspect in phantom modelling depends on how adequately the 
tissue substitute materials simulate the average composition of the breast. Breast organs 
vary in composition and sizes and these variations have an effect on both the absorbed 
dose estimations and the mammographic image quality. Thus, phantoms simulating 
various breast compositions need to be considered. The female age and the breast 
thickness are two crucial parameters that should be considered in the process of 
mammography phantom formations. On the basis of considering the ageing factor as the 
most critical factor in the elemental composition variation, Constantinou (1982) introduced 
breast modelling criteria based on the female age. Three age groups were figured as 
young, middle and old ages and their corresponding elemental compositions- given in 
adipose : glandular percentage by weight- were evaluated as 25 : 75, 50 : 50 and 75 : 25, 
respectively [CON82], A phantom known as Computerized Imaging Reference Systems 
(CIRS), which takes into account the different fractions of the glandular and the adipose 
tissues, has been developed in the U.S.A. It employed a tissue substitute material called 
epoxy resin, which was introduced by White [WHI74]. Furthermore, the rapid
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development in the modem mammography units and the expected promise of digital 
mammography, as one of the future image modalities, require tissue substitute materials 
of a high accuracy level in simulating the real tissues. Digital mammography demands 
phantoms constructed from tissue substitute materials with uncertainty of not more than 
1%. However, the available tissue substitute materials- such as the epoxy resin material 
known as BR12- have an uncertainty of about 3%. Referring to the above discussion and 
to the unavailability of an ideal mammography phantom [FAU94]2, we can suggest that 
the studies on the development of breast tissue substitute material for phantom modelling 
needs to be continued.
In this research we have introduced new tissue substitute materials known as 
C ro ss-lin k ed  H yd ro p h ilic  C o p o lym ers  to be used as phantom materials for mammography 
applications. These hydrophilic materials which are designated as ED IS and ED4C were 
supplied by Dr. D. J. Highgate, D. H. Research Ltd. (Gomshall, Guildford) who is a 
research collaborator of Dr. N. M. Spyrou. They are combinations of hydrophobic 
monomers (Methyl Methacrylate, MMA) and hydrophilic monomers (N-Vinylpyrolidone, 
VP). The first significance in considering the hydrophilic copolymers as suitable tissue 
substitute materials is their elemental compositions which are similar to those of human 
body soft tissues. The cross-linked hydrophilic copolymers consist of hydrogen, carbon, 
nitrogen and oxygen elements in different proportions. These elements form about 99% 
by weight of the body soft tissues’ composition. When these hydrophilic materials are 
immersed in water or some other liquids, they occupy an intermediate site between a solid 
and a liquid. As a result of the hydration process they expand in size and at the same 
time they maintain their physical morphology. By controlling the hydration level, the type 
of the liquid and the chemical and the physical properties of the hydrophilic materials, 
such as the pH value and the physical morphology, one can enhance their potential as 
tissue substitute materials.
In addition, we have examined the simulation possibility between the two types 
of the hydrophilic materials and real breast tissue samples. The simulation procedures 
were performed in order to recognize a similarity between the hydrophilic materials and 
the breast tissue samples in terms of their attenuation properties and electron densities.
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The breast tissue samples were tumour, adipose and glandular tissues excised from nine 
breast cancer menopausal patients that had undergone mastectomies. These tissue types 
were obtained from the same individual in order to reduce the elemental composition 
variations that exist among the population. The breast specimens were collected as fresh 
and blood-free tissues from the Histopathology Department at the Royal Surrey County 
Hospital, Guildford. In addition, we evaluated the radiation transmission and scattering 
responses of the hydrophilic materials under different chemical and physical states 
whereas the breast tissue samples were in a freeze dried form in order to protect them 
from microbiological attacks.
Our work is based on studying the transmission and the scattered behaviours of 
the hydrophilic materials and the breast tissue samples. When a beam of photons 
(whether x-rays or gamma-rays) passes through matter its intensity is reduced and an 
interaction is said to have taken place. In radiology where the photon energy ranges 
between about 15 to 150 keV, the photon interaction can be manifest in one or a 
combination of the following interactions: (i) photoelectric absorption; the energy of the 
photons in the beam is completely absorbed by matter, (ii) coherent scattering interaction; 
the photons deflect with a small angle away from the beam direction of incidence and 
travel on in new directions without any loss in their energies and (iii) Compton scattering 
interaction; the photons deflect from their path by ’free’ electrons resulting in a significant 
loss of their energies which is absorbed by the electrons. The photon energy and both the 
atomic number and the mass density of the medium govern the probability of the 
occurrence of each interaction. These factors have been generally taken into account in 
medicine and in industry to characterize human body tissues and other materials in terms 
of atomic number and electron density. In this project, we employed two methods: a 
Photon Transmission Tomography (PTT) technique in order to estimate the linear and the 
mass attenuation coefficients of the breast tissue samples and the cross-linked hydrophilic 
copolymer materials and the Compton Scattering Densitometry (CSD) technique to 
determine the electron density of the same samples and materials.
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Chapter 2 
T h e  F e m a l e  B r e a s t  T i s s u e s
2.1 Breast Anatomy
Breast tissues begin to develop in the sixth week of foetal life and their formation 
is complete around the age of 14-15 years. The similarity in the tissue development 
between sweat glands and breast tissues led researchers to suggest that the breasts are 
modified sweat glands [BAU88].
The outer thickness of the breast skin forms a thin layer beneath which lies a 
subdermal layer of adipose tissue. The adipose layer is followed by a supportive 
connective tissue stroma which contains glandular tissues (also known as fibrous tissues), 
blood vessels, lymph nodes and variable amounts of adipose tissues. The glandular tissue 
forms the mammary glands that are known as secreting glands , in the form of 15 to 20 
lobes, which are packed around with adipose tissues. Each lobe contains many hundreds 
of lobules (milk sacs). These are joined up with each other by lactiferous ducts that dilate 
out into the lactiferous sinuses to open out on the surface of the nipple. The deep layer 
of glandular tissue is linked to the muscle on the chest wall by the Cooper’s ligaments 
that support the breast against the chest. These are important clinically because the 
intimate connection they provide between the breast and the skin can cause skin retraction 
and dimpling in carcinoma (cancer of glandular tissues).
The main sources of blood supply are the internal mammary and the thoracic 
lateral arteries; the former supplies the inner half of the breast while the latter supplies the 
outer half. About 60% of the total breast tissues receive blood from the internal mammary 
artery. Breast tissue consists of lymphatic vessels that empty into lymph nodes. They are 
located away from the nipple towards the armpit and deep in the spaces between the ribs. 
Breast anatomy is shown in figure 2.1.
Figure 2.1 - Anatomy of human female breast [NCR86],
2.2 Breast Tissue Composition
Biological tissue composition is termed into two main expressions; biochemical 
and elemental compositions. Biochemical composition consists of water, lipid, protein, 
carbohydrate, and minerals. Tissue elemental composition is dependent upon the relative 
amounts of these various substances that form the tissue. Therefore, the elemental 
formulations of each of these constituents are used to calculate the elemental composition 
of the tissues [WHI88].
Elemental composition of human tissues varies by about 5-10% among individuals 
due to the variation in breed, diet, age, sex, health status and geographical areas [KIM74]. 
In the case of breast tissue, the ageing factor plays the major role in the elemental 
composition variation. The mammary gland continues to change through the life phases 
of the female. The gland mainly consists of dense connective tissue before the puberty 
phase while after that the breast is composed of glandular, connective and adipose tissues
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in different proportions. With advancing age, the glandular tissues reduce in amount and 
are replaced by more adipose tissue. This conversion process from glandular to adipose 
tissue becomes absolute in the post-menopausal period. It is believed that breast cancer 
occurs mainly during a malfunction of these conversion processes.
In general, body tissues are classified as so ft tissu es  and sk e le ta l tissu es , obviously 
breast tissues lay within the former group. The important elements H, C, N and O form 
about 99% by mass of the soft tissues’ composition, the remaining fraction is due to trace 
or mineral elements (concentration in tissue < 0.5% by weight). Due to the large 
variation of the elemental composition of the breast tissue, the average breast tissue 
concept was introduced [WHI74]. The formula of 50% water : 50% fat by weight 
resembled average breast tissues. Constantinou introduced similar breast tissue modelling 
based on the subject’s age; 25% fat - 75% muscle, 50% fat - 50% muscle and 75% fat - 
25% muscle for young, middle and old ages, respectively [CON82]. Published data of 
both the elemental and biochemical compositions of healthy female breast tissue are 
presented in tables 2.1-2.3. However, no literature data were found that describe the 
major elemental composition of pathological breast tissues. Trace elements, which are 
involved in several important mechanisms in the human body such as inhibitors or 
activators of enzymatic reactions, may directly and indirectly take part in the carcinogenic 
process. Several studies, Othman and Spyrou [OTH79]1 [OTH79]2, Garg et al [GAR89], 
and Kwan-Hoong et al [KWA93], were performed using neutron activation analysis to 
determine the concentration of trace elements in normal and pathological breast tissues 
in an attempt to find a link between that and the occurrence of breast cancer. Neutron 
activation analysis (NAA) is considered to be a sensitive technique for determining trace 
elements in biological materials. The causative role that trace elements may play is not 
yet confirmed [KWA93]. Rizk and Sky-Peck (1984) used EDXRF (energy-dispersive x- 
ray fluorescence) to identify the trace elements in normal and neoplastic human breast 
tissue [RIZ84]. The findings of the above mentionned studies are presented in table 2.4.
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Table 2.1 - Published data on major element composition of healthy breast tissue.
Tissue Description Elemental Composition (% by mass) 
H C N O
Reference
Mammary gland 10.20 18.40 03.20 67.70 Hammerstein
Adipose tissue 11.20 61.90 01.70 25.10 1979
Skin 09.80 17.80 05.00 66.70
Fat 11.90 76.40 00.20 11.50
Average Breast: Constantinou
25%Fat 75%Muscle 10.71 28.25 02.63 57.60 1982
50%Fat 50%Muscle 11.20 44.20 01.75 42.30
75%Fat -25%Muscle 11.71 60.14 00.88 27.01
50%Fat - 50% Water 11.70 38.04 - 50.26 White 74/77
Mammary gland 1~ 10.90 50.60 02.30 35.80 Woodard
Mammary gland 2" 10.60 33.20 03.00 52.70 and White
Mammary gland 3" 10.20 15.80 03.70 69.80 1986
Whole Breast 11.10 51.00 01.50 36.10 White et al
20<water content<40 11.30 58.20 00.90 29.30 1987
Breast (whole) 11.50 38.70 — 49.80 ICRU
50 water / 50 lipid 1992
Breast (whole) 11.60 51.90 — 36.50 ICRU
33 water / 67 lipid 1992
Breast* 10.60 33.20 03.00 52.70 Duck 1990
Breast calcification 00.3 01.60 00.50 40.70 ICRU
18.700 P 38.20 Ca 1992
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- Breast* the values of the elemental composition were obtained as averaged values of 
the published data by Woodard and White 1987.
- ~ These data were presented in ICRU-46, 1992.
Table 2.2 - Trace elements of the breast tissues (elemental composition of Z>8).
Reference Na Mg P s Cl K Ca
Constantinou
25%-75% 0.06 0.02 0.15 0.38 0.06 0.23 0.0
50%“50% 0.04 0.01 0.10 0.25 0.04 0.15 1
1 5 % -2 5 % 0.02 0.01 0.05 0.13 0.02 0.08 —
White et.al. 1987 0.1 — — 0.10 0.10 — —
Duck 0.10 — 0.10 0.20 0.10 — —
White & Woodard
Mammary gland 1 0.10 — 0.10 0.10 0.10 — —
Mammary gland 2 0.10 — 0.10 0.20 0.10 _ _ —
Mammary gland 3 0.10 0.10 0.20 0.10 — —
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Table 2.3 - Biochemical composition, percentage by weight, of body tissues 
[WOO8 6  ] .
Body tissue? Water Lipid Protein Mineral
Adipose tissue* 1 30.50 61.40 7.90 0.20
Adipose tissue* 2 21.20 74.10 4.40 0.30
Adipose tissue* 3 11.40 87.30 1.00 0.30
Mammary gland 1 30.20 56.20 13.30 0.30
Mammary gland 2 51.40 30.90 17.40 0.30
Mammary gland 3 72.60 05.60 21.50 0.30
- f  Three sources of composition data ( Reference Man (ICRP-75), literature survey 1966- 
85 and measurements undertaken on selected body tissues by Woodard) were employed 
to obtained these biochemical composition of the body tissues. Therefore, the available 
data permitted a spread in the composition to be calculated which resulted into three 
readings Nos 1, 2 and 3 referring to values derived from M-o, M and M+g, respectively, 
where M is the mean value and g is the standard deviation [WHI87J [WHI88].
- * Adipose tissue of adult body in general not specified for the breast tissues.
Table 2.4 - Trace elements concentration in cancerous breast tissues.
High concentration Low
concentration
Reference
Na Mg Al P Cl Ca Fe Zn Br 
Rb
Othman and Spyrou 
(1979)
Ca Cu Ru Se V Zn 
(P <0.001)
Ni ( P <0.05 ) Rizk and Sky-Peck 
(1984)
Na P Cl K Mn Co Cu Zn As 
Se Br Cd Sb
Cs I Fe Sr Garg et al (1989)
Al Br Cs Ca Zn (P <0.001) Co Fe Rb 
( P < 0.05)
Kwan-Hoong et al 
(1993)
13
2.3 Breast Cancer
Cancer of the breast has been identified as a disease since the times of the ancient 
Egyptians [BAU88]. Beside cystic and fibroadenomas, breast cancer accounts for 90% 
of breast diseases, representing 28% of all female cancers [ZAP92]. Breast cancer is the 
most common cancer in women and rare in men and it ranks as the commonest cause of 
death amongst women in the 35-55 age group. The cause of the disease is not understood 
yet and no curable treatment has been discovered. However, genetic approach research, 
i.e. that breast cancer is considered as a genetic disease, seems to be a promising method. 
The current treatment procedures are mastectomy, local excision, radiotherapy, 
chemotherapy, and hormone therapy. Radical mastectomies are rarely performed today. 
Many women undergo a combination of treatments, the commonest of which is local 
excision with radiotherapy. These treatment methods achieved only small increases in 
survival [FOR86]. The main factor that affects the fate of the breast cancer treatment is 
the stage of the disease.
Breast cancer has been classified according to its stage of progression. In England, 
the Manchester staging system divides the disease into Stages I-IV. Stages I and II 
representing the curable group of cases, Stage III the locally advanced disease where 
surgery is doomed to failure, and Stage IV the patient with obvious distant metastases. In 
the U.S.A. the disease is classified as A, B and C Stages. Stages A and B are parallel to 
Stages I and II in the U.K. classifying system while Stage C corresponds to Stages III and 
IV. The five year survival rates are estimated to be of 86%, 58%, 48% and 12% for 
stages I, II, III and IV, respectively [DAY91].
The breast is divided into quadrants surrounding the nipple to illustrate the relative 
possibility of cancer occurrence in each breast area, figure 2.2. Glandular tissues are 
believed to be the tissue of the highest cancer in the breast structure [NCR86]. These 
types of tissues have uneven distribution within the breast, the central and the lateral 
portions have the highest concentration of glandular tissue which make them have the 
largest relative incidence of breast carcinoma.
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DISTRIBUTION OF BREAST 
CARCINOMAS
Figure 2.2 - The relative occurrence of breast cancer [NCR86].
2.3.1 Risk Factors of Breast Cancer
Since the etiology is unidentified, there are no means of primary prevention of 
breast cancer. However, there are number of risk factors that play a crucial role in 
increasing or decreasing the development of breast cancer in women. These factors are 
discussed in the following subsections.
Geographical and ethnic factors
Researchers in the breast cancer field have found that women in the Western world 
are at higher risk compared to women in South Hast Asia. Migrants from low to high risk 
areas show changes in their original risk level. Japanese migrants in the U.S.A. adopted 
a higher risk level within two generations [ADA92J. This finding indicates that the 
environmental factors have a greater influence, as a cause of this disease, than the genetic 
factors. Environmental factors include diet and cultural or behavioural trends such as the 
age of the first pregnancy, birth control and lactation period. Women consuming a diet
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rich in vegetable and fruits (mainly cucumbers, onions, and pears) show a lower breast 
cancer risk compared to those who consume meat and high fat intake [LEV93]. High fat 
intake and obesity have a direct link to the increase of breast cancer mainly in post­
menopausal women. Regular and modest intake of alcohol has been shown to increase 
the risk of breast cancer among women. Early first pregnancy and long lactation period 
have protective effects. Parity (childbearing) lowers the risk even in families with a breast 
cancer history. Women who remain childless through life or those who have their first 
pregnancy over the age of 30 are at a double risk compared to women who have their 
child under the age of 25 [MON77]. Social class has an effect on the occurrence of 
cancer diseases associated with women; it was noticed that breast cancer is higher in non- 
manual groups while the occurrence of the cervical cancer is higher in manual group 
[TOR94].
Ageing factor
The age factor is related to menarche, pregnancy, and menopause and thus creates 
a complex relationship with breast cancer. Breast cancer is more pronounced in elderly 
women compared to younger ones. Breast cancer risk is lower before the age 45 and after 
age 50 giving an indication that the natural menopause is a period of high risk. Age at 
menarche plays a role in altering the cancer incidence patterns, it increases the risk when 
the menarche occurs before age 13 and decreases it when it is after age 16. An increase 
of 5 percent in the breast cancer risk is associated with each increased year of age at first 
pregnancy [MON77].
Hormonal status
Endogenous sex hormone processes are probably the major key link between the 
occurrence of breast cancer and the menstrual experiences, the differences in pre- and 
post-menopausal, women’s childbearing, and different sexes. This link has been 
confirmed by the finding that men who undergo hormone treatment, orchitis or 
orchidectomy are more likely to introduce breast cancer at some stage in their lives 
compared to the general men population [MON77]. Moreover, women who undergo 
artificial menopause, through hysterectomy, before the age of 35 experience a decrease
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in the probability of breast cancer risk. Researchers have found that abortions after the 
eighth week of pregnancy and under the age of 18 years increases the risk of breast 
cancer. The abortion interrupts the production of the pregnancy hormones which are 
believed to be breast cancer protective hormones [GOR94].
Administered or exogenous hormones, such as contraceptive pills and hormone 
replacement therapy, are controversial issues. Some findings have shown that exogenous 
hormones are carcinogenic agents while other studies revealed that they have cancer 
protective factors [BAU88]. This is possibly due to the age of women when oral 
contraceptives were used and the period of usage [WIN91].
Hereditary factor
This factor is governed by the genetic structures of the patient. Genetic modelling 
results stated that women with a first- or a second- degree relative who had breast cancer 
in their early ages are likely to develop the disease during their lifetime. A gene known 
as BRCA1 is considered as a promising factor to provide some knowledge about the 
hereditary nature of the breast cancer [BR093].
Health history
Women with some previous cancers such as colon, rectum, pancreas, salivary 
gland, ovary and endometrium are more at risk of developing breast cancer than healthy 
women. However, women with carcinoma of the uterine cervix are at low risk of breast 
cancer, and vice versa [MON77]. This inverse relation is related to the first sexual 
activity and the first pregnancy. Benign fibrocystic diseases activate an alarm for the 
possibility of the occurrence of breast cancer later in the patient’s life.
2.4 Breast Images
The earlier cancerous tumours are diagnosed, the higher probability of survival is 
expected to be achieved. Thus, the quality of the image modalities is a very crucial 
aspect that needs be considered in detecting breast tumours. In this section, the diversity 
of breast images obtained is briefly tackled.
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Mammography was considered as a radiographic tool in breast disease 
investigations as early as 1913. In general, radiological mammography is mainly divided 
into two main techniques; Mammogram and Xerography. Both techniques employ x-ray 
units to produce images of breast tissue, however, the main difference between the two 
is the image receptor means. Mammographic images are produced by the application of 
x-ray machines combined with film-screen as an image receptor, while xerography utilizes 
selenium photoconductor. Ionography is also introduced as a radiological technique to 
produce images of the breast where the image receptor is a gas-filled ionization chamber 
and a dielectric foil. Recently, direct digital mammography has been made possible in 
certain clinical situations but the commercial reality still needs several years [VYB94]. 
However, digitization of mammography films allows similar information to be obtained, 
and it is available today, but it is less efficient compared to direct digital mammography 
because it requires more time and effort. Digital radiography and magnetic resonance 
imaging, are perhaps the most promising techniques for the future of breast examination.
Breast imaging techniques vary from conventional x-ray procedures because breast 
tissues have subtle differences in their attenuation properties and thus produce little 
subject contrast. Also, small differences exist in the densities of the normal and abnormal 
tissues of the breast. Moreover, it is important to detect minute details such as micro­
calcification of diameters less than 100 jam. Referring to the above mentionned grounds, 
x-ray mammography has proven to be the most informative technique. X-ray 
mammography shows the highest sensitivity in detection of carcinoma, especially when 
the tumour is still clinically occult and also it is a fast and a relatively economical 
technique. Therefore, x-ray mammography is the most widely applied technique 
especially in widely spread tumours within the breast and thus it has dominated breast 
imaging.
X-ray mammogram
To avoid the risk of missing such subtle information owing to inadequate 
sensitivity or to avoid initiating unnecessary biopsies if specificity is low, mammographic
2.4.1 Radiological Mammography
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image quality must be optimized. Furthermore, since the female breast is considered as 
a radiosensitive organ, the reduction of the absorbed dose is an essential physical objective 
in optimizing the mammography performance. The performance requirements for 
mammography can be described qualitatively by high resolution, high contrast, high 
signal-to-noise ratio (SNR) and low radiation dose to the patient. The main characteristics 
that influence image performance of the mammographic imaging system were stated 
earlier by Sabel et al [SAB86] and then modified by Ammann [FAU90], given as a 
diagram shown in figure 2.3. At present, mammographic imaging is performed with 
dedicated mammographic x-ray equipment, which was not the case twenty years ago 
[HAU90]. The dedicated mammography units were designed to take the optimum spectra 
into consideration. The main improvements were performed on the tube target material, 
focal spot, breast compression devices and image receptor and processing.
X-Ray Spectrum Influences On Mammograms
Optimization of image quality and minimization of radiation dose to the breast is 
in direct conflict. Therefore, the necessity of the use of low energy radiation for the 
former and high energy radiation for the latter is an important factor in choosing the 
parameters that affect the image formation of mammography. Breast thickness and breast 
tissue composition must be taken into consideration when these parameters are set.
To address this problem, several authors ( Motz and Danos 1978, Mutz et al 1978, 
Jennings and Fewell 1979, Dance and Day 1981) have taken the optimum energy as a 
criterion in their investigations [BEA82]. It has been calculated as the maximum SNR for  
constant breast absorbed dose or the minimum absorbed dose for a constant SNR. The 
concept of optimum energies has been hampered because of unavailability of the 
monoenergetic sources of x- or gamma rays of sufficient strength. Moreover, the idea of 
varying the SNR may cause a distortion in the film exposure (under- or over-exposure) 
when a screen-film combination is used [FAU90]. Thus, the optimum energy has been 
extended to optimum spectra criteria. According to the optimum spectra criteria, the 
mean energy of the x-ray spectrum is not indicating whether the chosen spectrum is 
giving the desired optimum energy [LAW91] [MIL76]. Target materials along with
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filtration and the peak tube potential are the most important parameters that affect the 
production of the optimum spectra [NIC93]. There are three types of x-ray tube target 
used for mammography; tungsten (Wj, molybdenum (Mo), and molybdenum-tungsten 
alloy. The latter has properties intermediate between its two components. To provide a 
suitable energy window, in a range of 16-23 keV for breast thicknesses 2-8 cm, filters 
are used to shape the spectra of both molybdenum and tungsten anode tubes to produce 
an intense, narrow band of the desired energy. Filtration is used to enhance the x-ray 
spectra by keeping their mean energies nearer to the calculated optimum energy whose 
value was estimated by a number of authors [BEA82]. Some x-ray spectra are given in 
Appendix-1.
Figure 2.3 - Characteristics of mammography unit [FAU90].
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A tungsten anode (W-anode) with a combination of filter materials of K-edge 
above 20 keV and close to the optimum energy, has been investigated widely in the 
literature to produce the optimum spectra for mammography. Beaman and Lillicrap used 
W-anode tube to produce spectra with a narrow energy band (4 keV) centred at the 
optimum energies for different breast thickness (2-8 cm) [BEA82]. Rhodium, palladium, 
aluminum, and molybdenum were the common filters used for the W-anode tube. 
Desponds et al have stated that W/Rh has a better performance for all breast thicknesses 
compared with the Mo/Mo combination [DES91]. They also studied the performance of 
a silver filter for the W-anode tube. W/Ag and W/Rh showed a better performance when 
compared with the W/Mo combination. They have recommended the use of W/Ag or 
W/Rh, rather than the use of the Mo-anode tube, for breast screening because these 
techniques reduce the absorbed dose significantly. The performance of a Rh-anode was 
also tested but the results were not promising.
The Mo/Mo, target/filter, combination system is the most common combination 
to produce the conventional mammographic x-ray spectrum. It has been concluded by a 
number of authors that such a combination is giving optimal spectra for thin (less than 5 
cm) or fatty breast [MAR75] [HAU76] [JEN81] [DAN90]. Since it increases the 
absorbed dose in medium and thick breasts, a more penetrating x-ray beam produced by 
different target/filter combinations should be used. A molybdenum target with an 
aluminum filter (Mo/Al) has been introduced (Jenning and Fewel 1979), but the high tube 
output produced by this combination has limited its clinical use [GAR90], Palladium has 
also been used as a filter for a molybdenum anode tube (Mo/Pd) [BAK84]. A reduction 
of 35% in the absorbed dose can be obtained by the use of this combination compared 
with the Mo/Mo system. Desponds et al have studied the performance of mammography 
for Mo-anode tube with three different filter materials; Mo, Pd, and Rh (rhodium) 
[DES91]. Their results show a better performance for both Pd- and Rh-filters at low 
energies compared with the Mo/Mo combination. The breast thickness was not stated in 
that comparison.
Increasing the thickness and the density of breast causes a decrease in the photon 
transmission fraction that passes through the breast. On the other hand, the photon
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transmission fraction increases by increasing the photon energy. Thus, breast thickness 
works as a filter for the radiation beam produced by molybdenum or tungsten anode tubes. 
It hardens both beams, but the softer beam from the molybdenum is relatively more 
hardened compared to that from the tungsten anode [MIL76]. The contrast degradation 
in thick breast images with the tungsten anode tube is similar to that with the 
molybdenum anode but the patient is exposed to a lower radiation dose. This radiation 
reduction is by a factor of 2 [FIT89]. Moreover, the tungsten anode is an appropriate 
choice for magnification since the fine focus requires a high melting point [MCD84].
2.4.2 Thermography
Thermography is a technique that provides images of the various temperature 
distributions over the patient’s body. Since human skin functions as a black body it emits 
a continuous infrared radiation spectrum, the emitted radiation can be used to measure the 
temperature distribution. Healthy skins exhibit a stable pattern of temperature distribution 
for a long period of time. Breast cancer tumours show warmer areas over the breast skin 
and asymmetrical thermal distribution between the two breasts. The reason for the 
increase in the temperature could be related to the high metabolic activity of the tumours 
[EVA73].
Vascular asymmetry and dilatation of subcutaneous veins are signs of some types 
of breast tumours. Superficial vascular systems can be imaged by visible and infrared 
radiation less than 1 pm [JON82]. This photography technique depends upon the 
transmission and reflection properties of soft tissue and blood. Heavily pigmented skin, 
properties of the underlying tissues (up to a depth of about 2 mm), and blood of reduced 
and oxygenated haemoglobin are factors affecting reflection and transmission of these 
types of radiation. Images can be visualized by means of a TV camera with display 
monitors and also by coloured films. Transillumination is an old method of using light 
to produce an image of fluid filled cysts. This technique is preformed by intensifying the 
breast by a beam of light so that abnormalities can be seen by the shadow they project. 
The usefulness of this method is to differentiate between cysts and solid tumour [JON82].
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Due to poor sensitivity and specificity of thermography, it is not considered as the 
technique of choice. However, it can be useful for selected patients when it is combined 
with other imaging modalities such as mammography. Since it is a non-invasive 
technique it is useful for screening high risk women groups and it can be used as a risk 
indicator [KAI93].
2.4.3 Ultrasound
Images of breast tissues can be generated by the reflection and transmission of 
ultrasound waves, produced by piezoelectric transducers, with the breast tissues. The 
image can be displayed in A- ,B- or C-modes, however, B-mode echography is the widely 
used type. In B-mode an array of transducers is held in contact with the breast surface 
and ultrasound waves of all strengths are presented on a monitor as a grey and white scale 
image. Doppler scanning is used to investigate the blood flow in the breast and has been 
proven to add new information since small vessels and a flow as low as 2mm/s can be 
detected [HEY92]. Ultrasonic imaging systems have been proven to be useful in fluid 
filled cysts and thus they are effective diagnostic tools in differentiating between solid and 
cystic tumours [GIS90]. Moreover, they are considered as safe modalities, highly 
sensitive when the disease is localised and palpable, and more useful for high dense breast 
compared to mammograms. However, echography is inadequate in detecting small 
features such as calcification, the B-mode provides a spatial resolution about l-2mm, and 
in imaging fatty breast tissues. It also sets limitations on the scanning area unless a large 
number of scans are preformed to cover the whole breast.
2.4.4 Computed tomography
Designated computerized tomography (CT) equipment is used to produce an image 
of the breast. The patient lies prone and the breast is immersed in a water bath through 
a hole in the examination table. The spatial resolution is poor in plain CT of the breast 
compared to mammography, however, contrast media such iodinated materials show some 
improvement on the resolution [JON82]. CT mammography is unable to distinguish 
between cancer tumours and fibrocystic disease due to their similarity in appearance. 
High progesterone hormone levels have shown an improvement effect on the quality of
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CT such as images obtained during menstruation [CHA79]. Computed breast tomography 
has not come into routine clinical use because of the radiation hazard, due to the relatively 
large dose of contrast medium required, and the examination procedures where only one 
breast can be examined at a time [KAI93].
2.4.5 Radioisotope imaging
Distinguishing between breast tissues which have different metabolic rates after 
the injection of chemically attached radionuclide is achievable in nuclear medicine. 
Isotopes such as 42K, 67Ga-citrate, "Tcm-penetrate, 131I-HSA and "Tcm labelled to different 
chemical compounds are used in nuclear medicine to image the breast [JON82]. Positron 
emission tomography (PET), which produces images that reflect the biochemistry of the 
tissues, has been introduced recently in detection of breast tumours and lymph node 
metastases [NIE93]. FDG (fluorine- 18-fluoro-2-deoxy-D-glucose) used in PET imaging 
has been reported by several authors to be useful in imaging augmented breasts without 
physically displacing the silicone implants [WAH94]. Since silicone implants in breasts 
are radio-opaque in mammography and thus detection of some tumours is impossible, PET 
is superior to mammography in these cases.
2.4.6 Magnetic resonance imaging
Conventional magnetic resonance mammography (MRM) provides definitive 
histologic diagnosis, it distinguishes certain benign lesions, such as scar or fat necrosis, 
from malignant tumours. Thus, MRM has been introduced to improve the specificity of 
diagnostic x-ray mammography prior to biopsy but it is unlikely that MRM will replace 
the routine histologic examination of breast tissue biopsies [HAR92]. Apart from the 
diagnosis of fibrous fibroadenomas or visualization implant rupture, there is no widely 
accepted role for plain MRM. However, contrast-enhanced MRM, which was first applied 
in 1985, has proven to be a powerful breast imaging technique. Dynamic contrast 
investigations have shown that MRM is considered as a very specific technique because 
most benign tumours enhance more slowly than malignancies [HEY92]. The introduction 
of Gd-DTPA as a contrast medium, analogous to the use of iodine in CT, enhanced the 
use of magnetic resonance for breast imaging [KAI93]. The high cost of the application
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of MRM hampered its use in clinical routine examination of the breast and it has been 
restricted to supplementary use in problem cases. It is mainly applied to destroyed breast 
tissues due to surgical scarring and irradiated breast tissues and for detecting primary 
tumours in dense tissue such as in young women [HEY92].
2.5 Breast Screening
There are two general types of mammograms; consultative or diagnostic 
mammography, which has been discussed in the previous section, and screening 
mammography. Screening mammography is an x-ray examination of asymptomatic 
women to detect a growth of cancerous tissues at early stages [FOR86] [GIS90] [DOD93].
Cancer of the breast is identified as two stages, first is the pre-invasive stage where 
cancer cells start in the milk-producing cells in the breast and the second stage is known 
as the invasive phase when the cancer cells spread to the surrounding tissues in the breast. 
In the second stage the cancer cells have the potential of producing a metastases stage 
where the cancer cells spread to local lymph nodes and to distant sites such as bone and 
liver. The rate of growth of the breast cancerous tissues vary among women and in many 
cases it will be several years from the development of the disease to the stage where the 
cancerous tumour becomes palpable or to the metastases stage. The main aim of breast 
screening is to reduce the breast cancer mortality rate by detecting breast cancer, by 
means of mammography and physical examinations, before it becomes palpable and while 
it is still in a phase referred to as minimal. The highest breast cancer mortality rate 
region in Western Europe and North America was found to be in the UK [FOR86]. Since 
the only effective approach to lower the high mortality rate is to discover the disease 
before the patient presents with symptoms, breast screening programmes were introduced 
nationwide in the UK in 1986 (through the Forrest report) and in other countries in the 
world.
2.5.1 The United Kingdom breast screening programme
The screening procedures, which were recommended by the Forrest report, include;
(i) the basic screen to detect an abnormality which may or may not be cancer, (ii) the
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assessment of the abnormality to determine whether a surgical biopsy is required, (iii) the 
biopsy and the histological examination of the removed tissue; and (iv) the treatment of 
screen-detected cancers. In order to monitor and review the breast screening programme, 
the National Health Service (NHS) established a committee, chaired by Professor Vessey, 
to set the health target in the UK. The National Health Service Breast Screening 
Programme (NHSBSP) target is: " to reduce the death rate for breast cancer in the 
population invited for screening by at least 25% by the year 2000 provided that 70% of 
these women attend". Along with that, a sub-committee of the Department of Health and 
Social Security Radiological Advisory (DHSSRA) committee was created, chaired by Dr. 
Prichard, to produce mammography quality assurance guidelines so that the objectives of 
the breast screening programme can be achieved.
Since the radiological examination of asymptomatic women has several radiation 
protection implications, it was recommended for a certain age group and at specific time 
intervals. The NHSBSP guidelines recommend that the target population is women aged 
50-64 years who should be screened at three years’ interval by the use of x-ray 
mammography to perform a single medio-lateral oblique view. Women aged 65 and over 
will be screened on demand whereas those under 50 will not be offered routine screening 
[AUS91]. The NHS recommendations were based on the experience of the Edinburgh and 
Guildford trials in the UK and on other studies in the world. However, the questions of 
’who should be screened?’, ’how often?’, and ’how many mammographic views?’, are 
still included within the national research trials. The NHS established 90 separate 
screening programmes to serve 4.5 million British women aged 50-64 every three years 
[CHA93]. The capital cost of the programme was estimated to be £30 millions and the 
annual gross cost about £20 millions.
There are two types of trials; randomized controlled and non-randomized controlled 
trials. The first one considered women who are invited to the screening, whether or not 
they attend, to be compared to those who are not invited, i.e. control group. The latter 
trial type deemed the women who are actually screened and include them in the 
comparison with the women control group [RUB92]. The UK trial lies within the second 
type [DAY91]. After seven year trials the reduction of 20% in the mortality rate in the
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investigated population group in the UK failed to be statistically significant [BUL91]. 
However, the overall result estimated in the year 91-92 was considered to be satisfactory 
and shown 72% of the screening programmes achieved the aim of 70% attendance rate 
[CHA93]. The Edinburgh trial, which was started in 1979, performed by the use of both 
mammography and physical examination every 1-2 years on women in the 45-64 age 
group had shown non-significant results for reduction in the mortality rate [ROB89].
2.5.2 Other major breast screening trials
The oldest breast screening trial was started in 1963 by the Health Insurance Plan 
(HIP) of New York. It is a randomized controlled trial performed annually on women 
in the 40-64 age group and its procedures involve a two-view mammography and physical 
examination. The HIP study showed a reduction of about 20% in a follow-up period of 
18 years, however, its results were questioned by some researchers on the basis that the 
x-ray units used were not dedicated mammography systems. The Breast Cancer Detection 
Demonstration Project (BCDDP) was carried out on a non-controlled study nationwide 
in 1973 by the American Cancer Society (ACS) and the National Cancer Institute (NCI) 
for women between the ages 35-74. Mammography in conjunction with physical 
examination was applied annually for women aged 40 years and above where two views 
are screened. Women aged 35 to 40 had a baseline mammogram. The BCDDP trail has 
shown results of survival and mortality rates at the same level as those studied between 
40-49, 50-59, and 60-69 [SMA93]. This may put some light on the age question in the 
breast screening programmes where it has been proved by several studies that the benefits 
of screening are clear for women aged 50 years and above. According to these results 
and related ones, the ACS established guidelines which have been accepted by several 
authorized bodies in the USA. It is recommended that screening procedures start by age 
40 on the basis of 1-2 years intervals combined with an annual physical examination. For 
women above the age of 50 years, annual mammography screening and clinical 
examination should be performed [DOD93].
The Canadian National Breast Screening Study (CNBSS) was initiated in 1980 as 
a randomized trial to examine two age groups, 40-49 and 50-59. Both were performed
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on an annual basis and included mammography and physical examinations. This study 
was designed to answer both questions of screening under the age of 50 years and the 
frequency of screening. The variations in the mortality rates were not statistically 
significant in either of the studies [MET93]. Two Swedish trials were carried out for 
women aged between 40-47 years, started in 1977, and the second trial, in 1981, involving 
women aged 40-64 years. Both were randomised controlled studies, the first employed 
mammography screening at intervals of 24-33 months while the second 28 months. The 
first produced a mortality reduction rate of 31% in a 10 years follow-up period whereas 
the second showed 24% in 7 years [DAY91].
2.6 Breast Tissue Radiosensitivity
2.6.1 Radiosensitivity
Radiosensitivity is strictly a laboratory expression and refers to the response of 
individual cells to radiation. In 1906, Bergonie and Tribonteau discovered, by 
experiments on animals, that radiosensitivity of tissue is directly proportional to its mitotic 
activity and inversely proportional to the degree of differentiation of its cells [GOG83], 
The differentiated cells are taken to be a mature, specialized cell that is unlikely to 
undergo cell division. This leads to the generalization that actively dividing tissues are 
radiosensitive and non-dividing tissues are radioresistant. Thus, the processes of the cell 
reveal whether the tissue is radiosensitive or radioresistant and not the cell types.
Ionizing radiation causes both deterministic and stochastic effects in irradiated 
tissues. Deterministic effects in the human can result from general or localized tissue 
irradiation causing an amount of cell killing that cannot be compensated for by 
proliferation of valid cells. Stochastic effects may result when an irradiated cell is 
modified rather than killed. Modified somatic cells may subsequently, after a prolonged 
and variable delay called "latency period", develop into a cancer. Life shortening found 
in exposed human populations and in experimental animals after low doses has been 
shown to be due to excess radiation-induced cancer mortality.
There is no general hypothesis about carcinogenesis which would allow reasonable
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predictions of the sensitivity of different tissues to tumour induction by radiation from 
known properties of cells or tissues. Therefore, their occurrence can be presumed only 
from correlative evidence. Usually the correlation is between an excess of tumours above 
the number expected and previous exposures to radiation.
2.6.2 Radiation-induced breast cancer and its sources of 
information
The most straightforward way to assess the relative sensitivity of different tissues 
to the induction of tumours by radiation would be to compare the induced tumour rates 
when all tissues received the same dose at the same time. The only close approach to 
uniform irradiation of the whole body is a radiation of the foetus in utero. The nearest 
approximation to this ideal situation in the adult situation is obtained, in general, from 
three sources of information that were available for estimation of cancer risk rates. These 
are:
1. Radiobiology of dose-response curves,
2. Experimental animal data and
3. Human epidemiological data obtained from people deliberately (war & radiotherapy) 
or accidentally exposed to radiation.
Because of the uncertainties of recording cancer incidence rather than mortality, most of 
the data on exposed human populations are expressed in terms of excess cancer mortality 
attributable to the exposure.
Radiosensitivity of breast tissue has become available from:
1. Multiple fluoroscopic examinations of tuberculosis patients,
2. Children subjected to scalp irradiation for tinea capitis,
3. Japanese atomic bomb survivors,
4. Radiotherapy postpartum mastitis patients and
5. Irradiation of benign breast disorders [MOL75][BOI79][TOK87j[MIL89]. 
Experimental estimations of the radio-epidemiologic risk from mammography or low dose 
exposures are not available. However, it fias not been possible to estimate risks by
studying women who have received low doses of radiation, because the expected small
excess of breast cancer would be obscured by the much higher background rate of breast
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cancer. Extrapolations, via biomathematical models, of the high-dose carcinogenic effects 
obtained from the above mentionned radiation sources provided the current estimates of 
risk. For many cancers the quadratic and linear quadratic models are appropriate. 
However, for breast cancer the shape of the dose-response (i.e. the relation between the 
dose and the excess risk of breast cancer) can generally be defined by a simple linear 
model:
Excess risk = a  Dose
where a  is a coefficient of which value may depend on several factors such as the age at 
exposure and time since exposure [MIL89], The conditions of the breast at the time of 
irradiation may enhance the breast cancer risk. Some of these conditions are related to 
the host factors (reproductive history, familial predisposition, nutrition etc.). The major 
factor is the age of the women at the time of irradiation.
Massachusetts TB-fluoroscopy data reported that exposure just before or during 
menarche results in a high risk and that exposure during the first pregnancy appears 
substantially more hazardous than exposure before or afterwards [BOI78]. A study 
performed on Canadian women received fluoroscopy repeatedly during the treatment of 
tuberculosis. The results of that study confirms that exposure to high levels of ionizing 
radiation increases the risk of breast cancer substantially. The dose-risk appears to be 
maximal when exposure occurs during puberty and to decrease with increasing age at 
exposure. The effect reaches a maximum some 25 to 30 years after the first exposure. 
The observation that the risk was maximal for women first exposed between 10 and 14 
years of age is supporting other studies in the fact that the female breast is more 
radiosensitive during puberty than at later age. The finding about women exposed after 
age of 35 is comparable to that reported by the Japanese study for women exposed to 
radiation between the ages of 40-49.
A study was done on children aged between 1 to 15 given radiation treatment of 
the scalp for tinea capitis (ringworm of the head) while migrating to Israel from North 
Africa or the Middle East between 1949-1959. The results of that study stated that low 
radiation dose of approximately 16 mGy to breast tissue caused an excess risk of breast
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cancer to women who had been irradiated between 5 and 9 years of age. Two mechanisms 
were possible to explain the effect of that indirect low radiation dose: the young breast 
might be much more radiosensitive than is allowed for by present international guide 
lines, alternatively, the higher radiation to the head, although still only 48-66mGy to the 
pituitary, may have affected endocrine homoeostasis [MOD89].
The most remarkable new finding, in the Japanese report of female breast cancer 
among Atomic bomb survivors 1950-1980, was a dose-related excess breast cancer among 
women in their first decade of life at the time of the bombing. The excess risk following 
exposure at ages 0-9 was comparable to that following exposure at ages 10-19. The later 
risk was in turn greater than that following exposure in the third and fourth decades of 
life. Thus, the risk of radiogenic breast cancer appears to decrease with increasing age 
at exposure, and no sensitivity to radiation was seen in the pre menopausal period (i.e. 
about age 40). However, data from American and Swedish populations treated by x-rays 
for benign breast disease shows a higher level of breast cancer risk at the pre menopausal 
period. Therefore, the estimation of excess breast cancer risk following exposure to 
ionising radiation during the four decades of a woman’s life is the subject of research 
[TOK87].
The Japanese findings were new and would not have been predicted from current 
theoretical models (Moolgavkan and Korenman theories) for breast carcinogenesis. These 
models have tended to emphasize ages of hormonal simulation and/or rapid cell turnover 
and to ignore the prepubertal ages as potentially vulnerable periods for breast cancer 
initiation. It now seems fairly certain that irradiation of stem cells, well before ages at 
which major hormonal stimulation of breast tissue occurs, can cause breast cancer to occur 
later in life. The well-known dependence of breast cancer risk on age at menarche, age 
at menopause and age at first full-term delivery suggest that the influential life events are 
hormonal in nature. That suggestion is tempting to hypothesize that the risk of developing 
breast cancer as the result of an early carcinomatous change induced by irradiation 
depends on the length of time following exposure during which hormonal stimulation 
is present. A testable implication of this hypothesis is that irradiation at age 6 should 
increase risk more than irradiation at age 16 because the earlier exposure should be
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followed by a longer period of hormonal stimulation [TOK87].
The Japanese data have been taken as the primary source of information because 
they are derived from a large population of all ages and both sexes, and because the doses 
were fairly uniformly distributed through the whole body. The 1990 recommendations 
of the International Commission of Radiological Protection (ICRP-publication no.60) 
estimates the risks for representative populations with defined exposure pattern [ICR90]. 
For this reason, and because of uncertainties of the cancer risks from exposure to 
radiation, the Commission calls the estimated probability of a fatal cancer per unit 
effective dose the "nominal fatality probability coefficient". Table 2.5 shows the nominal 
fatality probability coefficient values for individual organs and tissues. The ICRP has 
assessed the distribution of the detriment effects in organs and tissues by considering, in 
the "aggregated detriment" term, four components: the probability of attributable fatal 
cancer, the weighted probability of attributable non-fatal cancer, the weighted probability 
of severe hereditary effects and the relative length of life lost. This distribution of 
aggregated detriment among organs is represented, after appropriate rounding, by the 
tissue weighting factors and their values are shown in table 2.6. Tissue weight factors are 
used only to make adjustments for the differential sensitivity of organs and tissues.
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Table 2.5 - Nominal Fatality Probability Coefficients for individual organs and 
tissues.
Tissue and 
organ
Probability of fatal cancer 
(IO'2 S v 1 )
Aggregated detriment 
(IO2 Sv'1 )
Whole
population
Workers Whole
population
Workers
Bladder 0.30 0.24 0.29 0.24
Bone
marrow
0.50 0.40 1.04 0.83
Bone
surface
0.05 0.04 0.07 0.06
Breast 0.20 0.16 0.36 0.29
Colon 0.85 0.68 1.03 0.82
Liver 0.15 0.12 0.16 0.13
Lung 0.85 0.68 0.80 0.64
Oesophagus 0.30 0.24 0.24 0.19
Ovary 0.10 0.08 0.15 0.12
Skin 0.02 0.02 0.04 0.03
Stomach 1.10 0.88 1.00 0.80
Thyroid 0.08 0.06 0.15 0.12
Remainder 0.50 0.40 0.59 0.47
Total 5.00 4.00 5.92 4.74
Gonads Probability 
of severe 
hereditary 
disorders 
1.00
Probability 
of severe 
hereditary 
disorders 
0.60
1.33 0.80
Grand total 
(rounded)
7.3 5.6
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Table 2.6 - Tissue weighting factors.
Tissue or 
organ
Tissue weighting 
factor, WT
Gonads 0.20
Bone marrow 
(red)
0.12
Colon 0.12
Lung 0.12
Stomach 0.12
Bladder 0.05
Breast 0.05
Liver 0.05
Oesophagus 0.05
Thyroid 0.05
Skin 0.01
Bone surface 0.01
Remainder 0.05
34
Chapter 3
Tissue Substitute M aterials and Phantom s
3.1 Tissue Characterization
The concept of tissue characterization was introduced, as early as the 1930s, to 
meet the needs of dosimetry in evaluating the absorbed dose in radiotherapy [SPI46]. The 
principle of tissue characterization has been employed as a clinical technique, as for 
example, to diagnose osteoporosis (characterized by decrease in bone density) and lung 
oedema diseases (characterized by increase in lung density) [WEB81][MOS88]. Tissue 
characterization is defined as: "the identification of one or more physical parameters of 
a small volume of tissues that are sufficiently well correlated with the type or condition 
of the tissue so that the measurement of these physical parameters may alone be used as 
an effective index of the type or condition of that volume of tissues" [KAH82], This 
forms the potential clinical importance of tissue characterization studies which are mainly 
presented in the availability of a variety of medical imaging techniques and in phantom 
constructions.
Physical parameters used in characterizing biological tissues are governed by both 
the radiation beam employed which is either ionising radiation or non-ionising radiation 
and the physical and biochemical factors of the tissue under study. Radiation absorption 
and scattering mechanisms govern the ionising radiation parameters through the linear and 
mass attenuation coefficients of the tissue whereas the non-ionising radiation parameters 
are related for example to the acoustic, magnetic, electrical and thermal properties of the 
biological tissues. Physical and biochemical parameters include the physical (mass) 
density, electron density, the elemental composition of the tissues, water bonding (in 
magnetic resonance imaging, MRI), and blood flow (in nuclear medicine applications). 
The ionising radiation parameters, related to radiology applications, involved in 
characterization of biological tissue will be discussed in this chapter.
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3.2 Attenuation Coefficients
The intensity of a beam of photons is reduced when it passes through absorbing 
matter. This attenuation is a result of the photon interactions with the medium due to two 
processes: absorption and scattering. Attenuation differences of various parts of the 
biological tissues produce the radiographic image in radiology. In addition, the absorbed 
dose, the energy deposited per unit mass of the medium, produces biological changes in 
the irradiated subject when the energy is high such as in radiotherapy applications. The 
scattering process is considered as a problem in forming the radiographic images (it 
introduces blurring) and is nearly always required to be removed. However, it has been 
used recently in industrial imaging and in analysing biological and industrial materials as 
discussed in chapter 6.
For energies used in radiology applications (15-150 keV), the expected radiation 
interactions are; the photoelectric effect, and coherent and incoherent scattering. The 
probability that a particular type of interaction will occur depends upon the energy of the 
radiation beam and the atomic number and the density of the irradiated matter. The 
ability of the material to diffuse and absorb radiation is estimated through the linear 
attenuation coefficient concept. The linear attenuation coefficient of a single element is 
given by
where n is the number of atoms per unit volume, nZ is the electron density (the number 
of electrons per unit volume) whereas <5a and oc are the atomic and the electronic cross- 
sections, respectively, of the interaction process. For material containing a mixture of M 
elements the linear attenuation coefficient is given by the Mixture Rule as
p = n oa = n Z oe (3.1)
(3.2)
where i designates a particular element in the mixture [KOU82].
36
Since the electron density is expressed as pA^ , where Ng is the electron mass 
density (the number of electrons per unit mass) and p is the physical density, the above 
equation can be rewritten as
Pm  -  pN g £ *  V . ,  (3-3>
where X( is the fractional electron number of the individual element in the tissue which 
can be cast into
Ef., 1 A. * ‘ ‘ Ai
where A(- is the atomic weight of the element i and is the fraction-by-weight of the i,h 
element and NA is Avogadro’s number. The fraction-by-weight wt- is calculated as
W; = (3.5)
where <2 ,- is the number of element i in the mixture.
The total mass attenuation coefficient ji/p can be decomposed into contributions 
from each mode of photon interaction as
P /  P = Upft /  P + PcoA /  P + Pcom  /  p (3-6)
where ph, coh and com designate the photoelectric effect, coherent scattering and 
Compton scattering, respectively. The total atomic cross-section a a is also the sum of 
contributions from those of the individual photon interaction mechanisms; that can be 
expressed as
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T  _ph coh com 
°a  = <  + ° fl + °a • (3.7)
At some level of accuracy, it is accepted to factorize the partial atomic cross- 
section into a function of photon energy E and a function of atomic number Z [JAC81]. 
Then, the atomic cross-section can be given by
aJ(£,Z) = Kph(E)Zm + Kc°\E)Zn + o f'Z  . (3-»)
Thus, the total mass attenuation coefficient of a mixture can be given as
V.U(E) I p = N g [ K p\ E ) i m X + K co\ E ) t n~x* o f v(£) ] (3.9)
where Z and Z are the effective atomic numbers that characterized the photoelectric and 
the coherent patrial interactions, respectively, Kph and Kcoh are the proportionality constants 
of the cross-sections of the photoelectric effect and coherent scattering, respectively, and 
ctiN is the Klein-Nishina scattering cross-section for a free electron. The exponents m and 
n can be determined by fitting procedures of the factorized relationship of the atomic 
cross-section (i.e. G= K(E) Z ) for each interaction process [WHI77]2. The effective 
atomic number is defined as a single number which is considered to characterize the 
magnitude of the photon interaction likely to occur [WHI77]3[YAN87]. The effective 
atomic number for the photoelectric effect interaction is expressed by
z  = [ t y  x y t y ' ] Vm-' (3.10)
whereas for coherent scattering it is given as
t  = [ £ "  l-Z/' j 1'" 1 . (3.11)
It was a common practice in the literature to assume that the contribution of the 
coherent scattering to the total mass attenuation coefficient is small and thus can be
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ignored. This would approximate the characterization of the tissue to one effective atomic 
number. However, Jackson and Hawkes have concluded that definition of one effective 
atomic number characterising a mixture such as tissue is not valid over wide energy 
ranges or for mixtures containing elements of very different atomic numbers [JAC81]. 
It leads to inaccurate results in the energy region relevant to radiology and for mixtures 
containing elements of low atomic number such as biological tissues. Moreover, accurate 
linear fitting of the relation ln(o) aganist ln(Z), i.e. using the factorized relationship of the 
atomic cross-section, shows that the exponents m and n must depend on both the photon 
energy and on the composition of the material [WHI77]3. In addition, Kouris, Spyrou and 
Jackson have shown that in a range of about 30-150 keV, coherent scattering contributes 
significantly to the total attenuation coefficient of the biological tissues. For example, the 
coherent and the photoelectric cross-sections are comparable for muscle (i.e. ICRU-75 
muscle) at about 85 keV [MCC75], for water at 60 keV while for fat this comparability 
occurs at about 40 keV [KOU82]. Above these energies the coherent cross-section is 
larger than the photoelectric cross-section. These results indicate that both of the effective 
atomic numbers, and thus the elemental composition, must be taken into account when 
the tissue simulation procedures are performed. Therefore, Jackson and Hawkes 
introduced an accurate parameterization of the atomic cross-section which is given as
oa(Z,£)= osJx  (Z,E) N(Z) [ l + F ( P ) ] + (  l-Z -w  )  (  Z/Z' )2 oca° \  Z',E> )+Z ofw(£)
(3.12)
where oSTatK is the cross-section for the photoelectric effect in the K shell evaluated with 
exact non-relativistic hydrogenic wavefunctions, N(Z) is a function which takes account 
of screening and contributions from other shells, F(P) is relativistic correction with cp=v, 
the velocity of the electron and (Z',E') represents the coherent cross-section of a standard 
element Z '  evaluated at an energy
E 1 = ( Z 11 Z )1/3 E  <3-13)
For material of biological interest, Z ' -  8 is a good initial choice [JAC81]. In the 
accurate formula the only term involving the Klein-Nishina cross-section factorizes into
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a function of E and Z. In the energy region where Compton scattering is considered the 
predominant interaction, an energy independent parameter of the subject under study, 
namely the electron density «Z, can be defined and accurately determined.
3.3 Tissue Substitute Materials
Tissue substitute materials are used in phantom constructions in order to represent 
organs, tissue and any embedded test objects such as tumours or calcification [WHI92]. 
Certain requirements must be met whenever tissue substitute materials are chosen to 
develop phantoms. These requirements along with the literature review and the formation 
methods of the tissue substitute materials are discussed in this section.
3.3.1 Tissue substitute materials requirements:
In order to use tissue substitute materials to simulate biological tissues over a wide 
range of energies, a similarity in terms of:
- Photon mass attenuation and mass energy absorption coefficients,
- Electron mass stopping power and mass angular scattering power,
- Mass stopping power and angular scattering power for heavy charged particles and 
heavy ions,
- Neutron interaction cross- sections or kerma factors and
- Electron density must be maintained [WHI74][CON82].
The above mentionned criteria can be achieved when the elemental composition 
and the fraction by weight of each element in the equivalent tissues are the same as in the 
real tissue that needs to be simulated. For radiology applications where photons are used, 
the tissue substitute must satisfy the mass attenuation coefficient or the elemental 
composition and density requirements. Furthermore, the radiation scattering nature of the 
tissue substitute and that of the simulated one must be the same. In tissue substitute 
simulation, partial replacement of oxygen by carbon and vice versa used to be an accepted 
practice in some cases, however, for low photon energies this would produce a large error 
in the attenuation properties of the simulated material [CON82]. Moreover, trace elements 
may play a role in altering the interaction data of the tissue substitute materials when
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photon energies below 100 keV are employed. Tissue substitutes used to simulate body 
tissues for diagnostic radiology, CT and digital radiography, should have linear attenuation 
coefficients within 1% of those of the body tissues. However, for other radiology 
investigations that percentage of uncertainty can be relaxed to up to 5% [ICR92]2.
Materials which give rise to biological hazards must not be employed for tissue 
substitute formation. They also must not be corrosive, explosive, volatile, or deliquescent. 
Tissue substitute materials must not enter into any internal reaction with each other or 
external reaction with air. The chemical formation of the tissue substitute materials must 
be stable so that their radiation interaction properties will not change with time. 
Furthermore, tissue substitute materials must be commercially available, easy to be shaped 
and not costly.
3.3.2 Tissue simulation methods
There are three methods mentionned in the literature to simulate human body 
tissues. These are;
1- Elemental equivalent technique
This method of simulation is based on the knowledge of the elemental composition 
of the simulated tissue. It involves the formation of a mixture of materials where the final 
product has an elemental composition of the human body tissues. The method was 
established by Rossi and Failla in 1956 through introducing liquid formulae for soft 
tissues. Two approaches were followed in applying the elemental equivalent procedures 
for muscle substitute material formation. The first was to satisfy (a) the hydrogen content, 
(b) the nitrogen content, (c) the electrical conductivity, and (d) Compton and photoelectric 
interactions [CON82]. The second was to apply the Mixture Rule on the elemental 
composition of the muscle tissues presented in the International Commission of Radiation 
Protection, ICRP-1959 [FRI72]. Constantinou, 1982, based his work on this method to 
form a library of compounds in order to produce new tissue substitutes to simulate various 
body tissues.
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The advantage of this method is that the density requirement is fulfilled when the 
right elemental composition is obtained. Moreover, water forms the basis material which 
itself has several advantages such as; it is considered as an important constituent of most 
of the tissues, it is one of the best solvents, and it is cheap and readily available. The 
limitation of this method is due to the phase effect which is caused by the complexity of 
the molecular binding in the real biological tissue compared to that produced by mixing 
different compounds [CON78]. The elemental equivalence method applied for about 10% 
of all published tissue substitute methods and it is mainly a technique of employment of 
liquid materials [WHI77]2.
2- The effective atomic number (ZeJf)
The dependence of partial photon interactions on the atomic number of the 
irradiated material is the principle of the effective atomic number method. The effective 
atomic number is a single atomic number adopted to characterize the magnitude of a 
partial photon interaction process that is likely to occur. It can be calculated as it has 
been shown in equations (3.10 and 11).
Since low energies are the photon energy ranges most used in medical applications 
in the early times of radiology, the effective atomic number method for elemental analysis 
used to be applied only to the photoelectric interactions [WHI77]2. Thus, applying the 
concept of the effective atomic number to the radiation interaction processes results in 
obtaining the following expression for the mass attenuation coefficient (ft/p) of a mixture 
consisting of M  elements:
n /  P ~Ng (3-14)
where KFh is the proportionality constant of the photoelectric cross-section and Ng is the 
electron mass density. However, it has been pointed out by several authors, that the 
contribution of coherent scattering to the total probability of photon interactions can be 
significant and thus it is inaccurate to ignore it especially at low energies and for low 
atomic number materials. Therefore, all of the partial photon interactions must be 
considered and thus two exponents m and n are needed to fulfil the requirements of the
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interaction processes of both the photoelectric effect and coherent scattering.
Two methods of analysis were followed by White to estimate the exponents m and 
n for biological tissues where the regression of the relation of ln(aa) versus ln(Z) gives 
the desired value [WHI77]3. Both methods were based upon fitting procedures using 
published attenuation interaction data. The first method was known as Unweighted 
analysis and the atomic number range that was employed in the fitting procedures was 
running between 5 and 15. The second method was designated as Weighted analysis 
where the relative importance of each element in three elemental groupings was 
considered. The elemental groups were fat, muscle, and bone and each group mainly 
consisted of carbon, oxygen and calcium, respectively. In the photon energy range 10-150 
keV, White obtained values of m for fat tissue in a range of 4.53-4.88 whereas for bone 
tissues the values were in a range of 4.13-4.68. Similarly, for n values a range of 2.57- 
2.68 was obtained for fat tissues while for bone tissues the range was 2.39-2.66. These 
results show that the exponents depend upon both the photon energy and the elemental 
composition of the material. A method of analysis known as compound analysis or T- 
extended method was also introduced by White in 1977. This method was based on the 
assumption that the product of the effective atomic number and the electron density, at 
specific photon energy, is Yp which is proportional to the mass attenuation coefficient 
(p/p). The results of this method showed that, for the above mentionned range of 
energies, m had a value in the range 4.19-4.74 whereas n a value in the range 2.45-2.65.
White concluded that the single effective atomic number, based on a single Z- 
exponent, was not acceptable in tissue characterization analysis over a wide photon energy 
range. Therefore, White introduced an alternative method, which is discussed in the next 
subsection, in order to overcome the limitations that hamper the single effective atomic 
number method. Moreover, the effect of density was not considered in this method which 
caused some discrepancies even though the effective atomic number is the same in both 
the real tissues and the substitute ones.
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3- The basic data method
The basic data method of tissue simulation is based on the compound analysis 
method. Three general principles were employed for it to be applied for a wide range of 
tissue characterization applications. These principles were: (i) the procedure must 
precisely establish the relative weight of the components of a substitute having partial 
attenuation data (mass attenuation coefficient is the main parameter considered for 
radiology applications) and specific gravities within predefined limits, (ii) base material 
must be selected from the library of compounds, and (iii) corrective material (or fillers) 
must be selected to correct for the attenuation of the base material [WHI77]3.
Sets of two or three of the value Y were employed, by the use of the Mixture Rule, 
to establish a library of compounds that can approximate the biological tissues in respect 
to their response to radiation. The associated Y values of 1041 compounds were generated 
by the use of a digital computer at London University. The application of this method 
was directed to simplify the mathematical and manufacturing procedures and to avoid the 
use of arbitrary additives which may produce errors in the attenuation coefficient values. 
This method reduced the high discrepancies, up to about 40%, in the attenuation data of 
some of the tissue substitute materials used in the International Commission on Radiation 
Units and Measurements (ICRU-1969) reports to about 3-5% [WHI74] [WHI80]1.
3.3.3 Review of tissue substitute materials
The historical review of the various tissue substitute material used in experimental 
radiation physics and medical applications was covered by White in 1978. White stated 
that tissue substitute development can be categorized into two periods, these are; pre 1940 
and between 1940-1978. In fact, the employment of tissue substitutes for radiation 
medical applications was started as early as 1906 when Kienbock stated that " an 
aluminum foil of a thickness of 1 mm is equivalent in absorption power to a layer of 
water or muscle, 1 cm thick". The similarity in terms of ionizing radiation attenuation 
between water and soft tissue was mentionned by Christen in 1913. Bakelite was also 
introduced by Christen as a solid water substitute. Baumeister in 1922 showed that wax 
and tissue had a similar radiation absorption and scattering properties. Pressdwood, a
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compressed cellulose material introduced by Spiers in the 30s, was considered as a muscle 
substitute. Spiers employed rice and bicarbonate as muscle or water substitute. Ivory and 
glycerol trioleate were introduced, by Fernau and Turbestein, as bone and fat tissues 
substitute, respectively. Wax was shown to be inaccurate in its attenuation properties at 
low photon energies, however, its potential was improved by Siemen’s wax which was 
a mixture of paraffin wax and magnesium oxide mixture. Tissue substitute materials were 
also used in radiotherapy applications to fill the interstices over the patient’s skin. 
Materials such as talc, rice, dough, water bags, and bolus alba (a mixture of flour and 
china clay) were used.
During the above mentionned period, tissue substitute materials were employed 
such as a tank of water, sheets of aluminum and blocks of wax. Thus, the geometrical 
dimensions of the tissue substitute that may resemble the structure of the human body 
organs was not common practice. However, starting from the 40s, tissue substitute 
materials were applied as human body phantoms. Water substitute, named "Mix D", was 
formulated by a mixture of paraffin wax, magnesium oxide, polyethylene, and titanium 
dioxide in 1949. It was in the form of a liquid that can be cast into simple sheets or more 
complex simulation procedures of body sections. Elemental equivalence as a tissue 
simulation method was used by Rossi and Failla (1956) to approximate the soft tissue 
formula ( C5 H10 0 lg N )n. It was formed as a liquid mixture consisting of water, glycerol, 
urea, and sucrose. Shonka 1958, developed plastic materials comprising a number of 
polymers and inert fillers to simulate muscle, bone, and air. Due to their electric 
conductivity, these plastic materials were mainly applied to construct ionization chamber 
detectors. Stacey in 1961, at the Royal Marsden Hospital, invented a material known as 
TEMEX which is a depolymerised natural rubber with the addition of carbon and titanium 
dioxide. Alderson in the USA, 1962, also used rubber with some other chemical 
compounds to form a body phantom which was named as RANDO. TEMEX and RANDO 
were formed as sliced sheets that could be moulded around human skeletons to produce 
body phantoms [WHI78].
Most of the tissue substitute materials mentionned so far were simulated human 
tissue, to form phantoms, on the base of photon interaction criteria. In 1969 effective
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atomic number and electron mass density were presented as new tissue simulation 
methods [WEB69]. In 1974, White introduced new formulation procedures based on the 
use of epoxy resin materials [WHI77]1. Epoxy resins consist of relatively low molecular 
weight liquids or solids containing two or more epoxide groups per molecule. White 
produced a high molecular weight cross-linked polymer by a chemical reaction between 
epoxide and compounds hardeners containing aliphatic amine (-NH2). In order to 
characterize a phantom material for a wide range of tissues, fillers of high atomic 
numbers were used to obtained the desired attenuation properties and densities for the 
final product. Variation in elemental composition and mass densities were used as a 
simulation method for the epoxy resin and hardeners to enable them to be presented as 
tissue substitute materials for adipose tissue, bone, breast, lung, muscle, and skin. 
Furthermore, photon and electron attenuation data of the epoxy resin and hardener 
materials were calculated and found to have a variation of about 5% when they were 
compared to the simulated tissues [WHI74].
Breast tissue was simulated as "average breast tissue", which was 50% water and 
50% fat by weight, due to the lack of accurate elemental composition of the breast tissue 
[WHI77]1. White formulated epoxy resins for breast tissue substitute with three fillers to 
control the final product in respect to; the density by phenolic microspheres (PMS), the 
viscosity by powdered polyethylene, and the attenuation by suitable compounds of 
relatively high atomic number. The simulation procedures were considered to be good 
since the radiation interaction data were within 3% of the real tissue, however, there was 
a risk of creation of bubbles during moulding procedures. On the basis of the average 
breast tissue of 50% water and 50% fat, Constintinou and White employed a compound 
of water (32.34%), propanol (27.03%) and butanediol (40.54%) to produce a liquid breast 
tissue substitute material. The elemental composition was H(11.79), C(37.82) and 
0(50.39) and had a relative density of 0.96 [CON82HWHI80]1.
3.4 Phantoms in Ionising Radiation Applications
A phantom is defined as a structure which contains one or more tissue substitutes 
and is used to simulate radiation interactions in the body [ICR92]. Phantoms are used
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intensively in radiology, radiotherapy, radiobiology, nuclear medicine, and radiation 
protection departments. Radiological systems need to be checked and compared during 
equipment purchasing procedures. Image quality must be standardized across different 
systems performing similar radiological tasks. These requirements are usually maintained 
in radiology departments in hospitals and health institutions by the aid of phantoms. 
Moreover, phantoms are employed as radiation graphic tools for routine quality assurance 
programmes to check that the radiography systems are not deteriorating over long periods 
of time. Phantoms are also used for teaching purposes for radiologic residents and 
technologists. Radiation absorbed dose measurements either for radiotherapy or radiation 
protection procedures are performed by the use of phantoms to evaluate the absorbed dose 
to the patient or the staff. In radiotherapy, phantom materials are used as a bolus to 
provide extra scattering or build-up or attenuation in the beam.
3.4.1 Phantom specifications and types
Phantom materials and tissue-like structures included in their design are usually 
made of tissue substitute materials. Therefore, beside including the requirements of the 
tissue substitute materials, phantom construction demands the following conditions:
(i) A phantom must produce identical images whenever it is applied under similar 
radiological conditions,
(ii) It should produce quantitative and qualitative information about the system under 
investigation,
(iii) It should be anthropomorphic, e.g. partial body section phantom, that closely 
resembles body shapes,
(vi) Patients age group must be considered when phantoms are designed, and
(v) A phantom should satisfy safety and non-radiation related requirements which are
given in tables (3.1&2).
Faulkner and Law have suggested that phantoms should contain contrast step 
wedges and bar patterns which serve as indices for objective measurements [FAU94]2. 
Step wedges can be used to detect changes in contrast on a particular imaging system or 
to compare different systems while bar patterns are valuable to provide information on
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Table 3.1 - Safety requirements of phantoms for radiology applictions [ICR89].
Type of 
phantom
Characteristic Requirements
All types Toxicity All materials (solids, liquids and gels) must be 
non-carcinogenic and hypo-allergenic. Corrosive 
and volatile products should be avoided.
Materials giving off hazardous quantities of toxic 
gases must be avoided if appropriate safety 
enclosures are not available. Adequate ventilation 
must be provided if volatile products have to be 
used.
Mechanical /  
Handling 
properties
A phantom that contains liquids and gels must be 
leak-proof. Sharp edges/comers should be avoid 
in a solid phantom. Excessive use of silicon 
grease on the surfaces of a solid phantom to 
enhance appearance should not affect safe 
handling. A phantom with a mass of over 10 kg 
should be provided with the means for moving it 
safely from place to place and should be placed 
on strong supports when in use.
Fire risk All necessary fire precautions must be enforced 
if flammable products have to be used.
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Table 3.2 - Non-radiation related requirements of phantoms for radiology applications 
[ICR89].
Type of 
phantom
Characteristic Requirements
All types Homogeneity Inhomogeneities due to poor dispersion of fillers or 
unintentional porosity in solid subsitutes must not 
introduce uncertainties in excess of 1% in radiation 
transmission or absorbed-dose estimations. 
Inhomogeneities in solid materials must be 
introduced by water absorption or loss or by 
chemical reactions. Contamination must be 
avoided, especially due to high atomic number (Z 
> 20) elements. Minimal water loss in phantoms 
containing aqueous solutions and water-based gels. 
Liquids and gels must be contained in vessels of 
adequate wall thickness to avoid leakage. The 
liquid or gel must not react with the plastic 
material used for the wall. A suitable bacteriostat 
(e.g. Sodium Azide) should be used to inhibit 
fungal growth. Inhomogeneities due to trapped air 
in phantoms containing liquids must be minimized.
Stability All tissue substitutes used should be inert and 
stable; plastics containing volatile plasticizer 
should be avoided. If more than one tissue 
substitute is used in a phantom, no chemical 
reactions should take place between them. 
Materials should not degrade under repeated 
irradiation. The phantom should maintain 
dimensional tolerances.
Mechanical
properties
Phantoms should have sufficient mechanical 
strength to withstand routine handling. Phantoms 
should not deform irreversibly. Fragile, friable 
materials should be avoided.
Thermal
properties
Minimum distortion and shrinkage (<0.1 %, by 
volume) over the normal range of ambient 
temperature.
Body Homogeneity Some foamed products used to replicate lungs are 
prone to harden and become friable. Such materials 
should be avoided. Marrow substitutes replacing 
marrow in dry bones should completely fill the 
vacant marrow spaces.
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focus size and on image receptor systems. Image quality phantoms contains numerical 
indices to provide quantitative images. A large number of phantoms include in their 
construction scattering materials to mimic the scattering effect that exists in the clinical 
practice. However, this has a negative effect on contrast calculations [FAU94]2
Features that serve the magnification process should be considered in phantom 
modelling. Moreover, features that work as indication for density differences among 
tissues such as microcalcifications and tumours should be simulated within the phantom’s 
structure. Cleanliness of the film processing systems can be monitored through the 
images of block areas that are usually included in the design of the phantoms. 
Mammography phantoms must consist of test objects that fulfil three functions; image 
quality control, patient dose estimation, and automatic exposure control [KIM89].
Phantoms are classified, according to their primary function, into groups, these are;
(i) Dosimetric phantoms, (ii) Calibration phantoms, and (iii) Imaging phantoms [ICR92]. 
Dosimetric phantoms are designed to measure the radiation absorbed dose in materials that 
represent real biological tissue. They are constructed to provide surface and depth 
absorbed dose measurements. Dosimetric phantoms should have suitable cavities for 
radiation detectors. For mammography applications, the location of such cavities must 
be at the surface, midpoint and at the bottom so that the adsorbed dose at each level 
within the breast can be determined. Radiation scattering trends of biological tissue can 
also be evaluated by the use of these phantoms. Calibration phantoms are used to 
estimate the response of radiation detectors and for correcting qualitative information 
derived from digital imaging. These phantoms can be designed as active phantoms, so 
that they contain in their structure a certain amount of radionuclides, or inactive where 
they are modelled to provide similarity in radiation interaction properties between their 
material and the tissue or organ that they mimicked. Image phantoms are mainly used for 
quality assurance programmes. They simulate the shape and composition of real organs 
and they are designed to be sensitive to small changes in contrast and spatial resolution. 
They may be active or inactive depending upon the image modalities they are designed 
for. Image quality phantoms are used either for frequent quality control (daily or weekly 
tests) or for commissioning checks (3 or 6 monthly checking). Therefore, they are
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divided into two types, simple phantoms for rapid subjective checks on low contrast 
sensitivity and small detail visibility and the other type which is more sophisticated and 
can be used for comparing different mammographic x-ray units. The latter phantom type 
contains more details and provides quantitative and objective information [FIT89].
These types of phantoms can be constructed to be Body phantoms, Standard 
phantoms, or Reference phantoms. When phantoms are designed to reflect the shape and 
the anatomical structure of the human body or organ of it, they are known as body 
phantoms or anrthropomorphic phantoms. Standard phantoms are those which have 
simple and reproducible geometry. They are used for comparing images performed under 
standard conditions of irradiation. Reference phantoms are utilized in the measurements 
of operational quantities. A term homogeneous phantom is also given in the literature 
which comprises only one tissue substitute and is often used for standard phantom 
construction [ICR92]. Computional models were introduced in the 1960’s and they 
involve the use of mathematical expressions to resemble specific body organs or defined 
a group of organs or tissues. This type of phantom was not tackled in the survey of this 
research.
3.4.2 Mammography phantoms review
Liquid phantoms were introduced before 1966 where oil and water were used to 
simulate fat and soft tissue, respectively [STA66], Solid phantoms were initiated in 1966 
by Stanton and Lightfoot through the employment of polyethylene and plexiglas as two 
plates in the form of a breast phantom to mimic fat and soft tissues, respectively. This 
type of phantom was constructed to provide ruggedness and portability which were 
lacking in the available phantoms at that time. Two plexiglas rods press fitted in 
polyethylene were introduced to resemble the contrast that is produced by the soft-tissues, 
fibrillar structure, in fat. Alumimum plates 0 .5-lmm were used as test objects to check 
the contrast of calcified materials and to test the resolution of the mammographic systems. 
Short aluminium rods 0.25-0.5 mm diameter were used to provide a visual indication of 
calcific contrast. The phantom, in general, represented the average x-ray absorption of 
a fatty postmenopausal breast and typical objects and structures to be detected by the
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radiologist [STA66]. Real breast tissues were employed in a mammography phantom 
designed in 1968 by Egan and Fenn. Two thicknesses of breast tissues were embedded 
separately in two plastic blocks to establish two types of mammography phantoms. The 
thinner breast tissue slice had a thickness of about 2cm and was embedded in a 3cm 
plastic mount while the thicker one was about 6cm and was embedded in a 8cm plastic 
mount which was intended to represent the average maximai breast thickness that can be 
imaged by mammography. The real breast tissues were fixed in formalin to prevent 
liquefaction by anerobic bacteria. Test objects were placed on top of the breast tissues 
to evaluate changes in object-film distances. They were: straight steel wire (0.5mm) and 
circular steel wire of 0.8cm diameter whereas Al2Oa particles (Z=l 1) varying in thickness 
and sizes up to 0.25 mm for the widest diameter were used to simulate calcification 
(Z=14) and soft tissues (Z=7) [EGA68].
In 1978 Lego bricks of paraffin and bee wax mixture were constructed, by Tonge, 
as a breast phantom to mimic the radio-density of human fat for a range of photon 
energies. The mixture was modelled as small cubes of about 1.5cm3. Test objects were 
embedded in the modelled mixture, they were: protein equivalent materials in the form 
of nylon spheres and threads to represent nodules and spicules. Foraminiferal fossils in 
spherical shapes were used to resemble calcifications. The cubes were sandwiched 
between sheets of polythene equivalent to the attenuation of compressed breast to mimic 
the clinical practice of mammography. To avoid the problem of familiarization by the 
observer, the Lego bricks could be randomly arranged prior to the imaging procedures 
[TON78]. A three slab mammography phantom was designed by Stanton et al in 1978 
to take into account two aspects in phantom simulation procedures; microcalcifications 
and small water-density soft tissue structures in fat. Aluminum wires were used and their 
attenuation abilities were tested relative to hydroxyapatite- Ca10 (P04)6 (OH)2 , which was 
assumed to represent the breast calcification since its composition was unknown. An 
acrylic plastic rod immersed in an organic oil was employed to simulate water equivalent 
fibrils in fat. The three slabs were two absorber thicknesses and one base to establish the 
thickest part of the three layers which comprised the test objects. Three different bases 
and absorbers were provided, corresponding to fatty, average and dense breasts of 
assumed composition 25/75, 50/50, and 75/25% water / fat by volume, respectively.
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Water, polyethylene, and plexiglas were used as absorber material [STA78]. A diagram 
of this phantom is given in Appendix-2.
The Bart’s phantom was constructed at St. Bartholomew’s Hospital by White and 
Tucker in 1980. The formation of this phantom was based on the model that represents 
breast tissues as 50% fat and 50% water and used as the bulk material into which the 
muscle and adipose components were embedded. It was a D-shape block formed by the 
use of epoxy-resin BR12 as a base material. Solid materials for adipose tissue (designated 
as API), water (WT1/MM), and skin (SKI) were employed. Aluminum oxide and silicon 
were used to simulate microcalcifications. The phantom structure and dimensions of the 
test objects are given in Appendix-2 [WHI80]1. An anthropomorphic lucite breast 
phantom, also known as the Toronto Imaging Phantom, was introduced by Yaff in 1986. 
The attenuation information needed in designing the phantom were extracted from actual 
patient mammography which was fed into a computer image processing system connected 
to a computer assisted milling machine. In this method different substitutes such as epoxy 
resin materials could be used [YAF86]. The TOR (MAX) mammography phantom was 
reconstructed by FAXIL at Leeds in 1987. The TOR(MAX) phantom was formed of a 
thin D-shaped perspex plate to which additional scatter plates could be added and 
incorporated five different types of test details. In order to provide an index for small 
detail visibility, objects that simulate calcification of different size and at different levels 
of contrast are included in the phantom design. A stepwedge is inserted in the phantom 
structure to obtain a characteristic curve [FIT89].
An acrylic phantom which consisted of two different thicknesses of acrylic, 3.81 
and 1.27 cm, were introduced by Geise and Morin in 1988. The thickest layer was placed 
over the automatic exposure control (AEC) to estimate the optical density of the 
mammography images. The thinner section of the phantom consisted of an aluminum step 
wedge with five steps ranging from 0.4-2.0 mm to cover the useful range of optical 
densities provided by the system [GEI88].
The Du Pont (Ackermann) mammography phantom was constructed by Law, 1991. 
The Du Pont phantom contained within a "black box" of 10 cm x 8 cm x 2 cm
53
dimensions, placed within an assembly of different sized pieces of perspex. It was 
designed to simulate a compressed average breast. The phantom structure included a 
number of test objects to mimic the clinical features of mammography and to provide 
quantitative information. Seven line bar patterns in two directions, from 8-20 lp/mm in 
steps of 2 lp/mm were included to serve for resolution scoring. Breast tissues were 
simulated in three clusters in order to resemble very low, low, and normal absorption. 
It also included objects to mimic calcification, dense breast, and lymph nodes. The 
contrast indices were indicated by four kinds of object each of which represented five 
different sizes and contrast levels. A120 3 specks from 83-320 jim were employed to 
simulate microcalcifications, plastic wires from 0.3-0.8 mm were used to represent fibrous 
structures, carbohydrate or amino-acid spheres from 0.35-1.2 mm, and holes of 0.8 mm 
diameter formed in discs with different depths. The constitution of the Du Pont phantom 
was arranged according to the manufacturers recommendations as shown in Appendix-2 
[LAW91]. The Newcastle phantom, or mammographic contrast detail phantom, was 
mentionned in the literature by Thompson and Faulkner, 1991. It comprises discs of eight 
different diameters each of which has either 13 or 14 discs decreasing in contrast, details 
of the phantom are shown in Appendix-2. The phantom has two edges placed parallel to 
and perpendicular to the anode-cathode axis and a calibrated step wedge [TH091] 
[FAU94]2.
The TOR (MAM) mammography phantom had been developed to supplement (not 
to replace) the TOR (MAX) Leeds phantom. The former phantom was intended to serve 
the clinical staff in terms of providing them with qualitative data whereas the latter was 
directed to the physicist to obtain qualitative and quantitative information for quality 
control procedures. However, TOR(MAM) developed to include test objects, laminar/foil 
materials [ICR92], so it can be used for quality control purposes. It was designed as two 
connected sections included in a perspex container of D-shape. The thickness of the 
container was determined on the base of the thickness of the average compressed breast 
which is 4.5 cm, as it had been recommended by the Institute of Physical Sciences in 
Medicine (IPSM) Report-59. The thickness of the perspex was 4.1cm which approximates 
the radiation response of 4.5 cm of breast tissue [COW92]. The details of the phantom 
are given in Appendix-2. A number of phantoms are given in the International
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Commission on Radiation Units and Measurement (ICRU-report 48), some of these 
phantoms and their details are reproduced here in Appendix-2.
There are two image quality phantoms for mammography manufactured by the film 
commercial companies; Agfa and Kodak. The Agfa Mamoray phantom is formed by a 
pair of lucite plates which contain between them four types of test objects. A layer of 
aluminium graduated stepwedge is placed on top of the lucite phantom. The test objects 
are four lines in order to estimate low contrast sensitivity, glass beads, and grids of 
various sizes and microcalcifications to measure high contrast resolution. The size of the 
Agfa phantom, 100 mm square and 10 mm thick, does not simulate the breast organ and 
it does not provide a quantitative measure; the phantom structure is shown in Appendix-2. 
The Kodak phantom comprises seven sets of test details embedded in a polyester resin 
disc, 140 mm diameter and 15 mm thick. Low contrast is represented by nylon beads and 
the calcifications are simulated by ground and powdered chalk. The phantom is equipped 
with aluminium and vinyl chloride stepwedges [FIT89].
Most of the commercial image quality test phantoms do not represent the ideal 
requirements of the mammography phantoms. Lack of suitable range and sensitivity in 
the earlier phantoms, compared to the rapidly developing dedicated mammography units, 
was the main difficulty faced by the phantom constructions [FIT89]. Some of the recently 
available phantoms were compared by Faulkner and Law who found that no particular 
phantom can be considered ideal [FAU94]2.
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Chapter 4 
P hoton  T ran sm ission  T om ograp h y
4.1 Introduction
The transmission tomography technique provides quantitative assessment of the 
photon attenuation properties of the object under investigation. The basic principle of 
Photon Transmission Tomography (PTT) is that, in theory, the internal structure of an 
object is projected as a slice free from interference effects from underlying and overlying 
planes. The spatial variation of the linear attenuation coefficient of the object is the 
fundamental element that forms the cross-sectional images.
In order to characterize the attenuation properties of the breast tissues, we used an 
in vitro photon transmission tomography technique. We collected specimens of normal 
and pathological female human breast tissues from the Histopathology Department at the 
Royal Surrey County Hospital. Samples of adipose, glandular and tumour tissues were 
obtained from nine postmenopausal breast cancer patients that had undergone 
mastectomies. We obtained the normal and the pathological breast tissue samples from 
the same individual in order to avoid the variations that exist due to age, diet, hormonal 
status and medical history of the patients. In addition, the samples were preserved from 
microbiological attacks by the freeze drying process. The water content of each type of 
breast tissue was estimated by weighing the samples before and after the freeze drying 
procedures. In order to estimate the linear attenuation coefficients of the ’wet’ breast 
tissues, the results were corrected by the Mixture Rule for the water removed.
We employed a filtered radiation source of americium-241 emitting a mono- 
energetic beam of gamma rays of 59.5 keV and a high purity germanium (HPGe) detector 
to obtain the transmission tomography scans. We investigated the performance of the 
transmission tomography system through scanning a number of chemical compounds 
whose linear attenuation coefficients were known after which we used the tomography 
system to scan the breast tissue samples. Reconstructed images of the samples were
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obtained by a Filtered Back Projection algorithm. A region of interest (ROI) was selected 
on each image and thus the average linear photon attenuation coefficient for each sample 
was estimated.
Optimizing the quality of mammography images and minimizing the absorbed dose 
to the breast organ are vital objectives in radiology. Radiographic phantoms, designed to 
simulate the breast tissues with respect to the interaction of x-rays, are regarded as critical 
means to assess the achievement of these objectives. One of the phantom requirements 
is that the material used in designing it should be tissue equivalent, that is, the energy 
dependence of its x-ray attenuation should be similar to that of the replicated organ. The 
available mammography phantoms have some limitations, as has been discussed in chapter
3. On this ground, we are introducing in this research new tissue substitute materials 
known as Cross-linked Hydrophilic Copolymers. We also used, in the following chapters, 
the photon attenuation data of the normal and abnormal breast samples to verify the 
compatibility, in terms of attenuation properties, between the breast tissues and the 
hydrophilic copolymers for modelling mammography phantoms.
4.2 Image Reconstruction
4.2.1 Information Process
The tomographic image of a very thin slice (assumed to be in two-dimensions) 
within a sample is established on treating the slice as if it were composed of one­
dimensional information lines. In order to obtain a finer spatial variation of the linear 
photon attenuation coefficient, a number of information lines at different sample 
orientations must be collected. Thus, these one-dimensional information lines may provide 
a distribution of a two-dimensional information map that represents the physical quantity 
of interest of the sample under investigation.
Transporting information through a system is considered as the physical link 
between the object and its image space. To simplify the mathematical description of the 
image, medical imaging systems are commonly considered as linear systems. The concept 
of a linear system is defined as that the output of two different inputs, when they are
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applied together, is the sum of their two different outputs. It is mathematically expressed 
as if g, = L fj and g2 = L f2, then
8 i+ g i= W i+f i \  (4 J)
where L  is the operator or mapping of the linear imaging system, gt and g2 are the 
outputs whereas f  and/2 are the inputs. Furthermore, the input cfi will produce the output 
eg; if f  produces gi where c is any arbitrary real number.
In radiation medical images, each input is considered to be developed from a 
point source within the object space and represented technically as an impulse while the 
output is an impulse response. The output of a system, for spatial position as an 
independent variable x, cannot be determined solely by the input at that specific value of 
x. Imperfect collimation and photon scattering cause a dispersion in the information and 
thus all image locations acquire some information from each object location. Therefore, 
the image space of a certain point source in object space, say x, is formed from the 
information obtained from x  and from points in an infinite vicinity surrounding it. The 
contribution, into the image space, of the infinite area around x  is less than that of point 
x  and decreases swiftly away from it. A function that describes the spatial dependence of 
this point process is depicted by the term point spread response function (PSRF) which 
relates the input (object) and the output (image) spaces. Since the mathematical notation 
of an impulse is a Dirac delta function S, the response of a linear system for a specific 
point in the object space is expressed as
h(xg,ygx,y)=L&(x,y) (4.2)
where h is the transform function or PSRF. The response function serves as an 
information element to form an image of an object through the superposition principle. 
Thus, the output is written as a linear superposition of the values of inputs for all values 
of spatial position, as depicted in the following equation:
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S (xg,yg) = f D f g h ( x g^ ,y g,y}f(x,y)dxdy (4.3)
where g(xg,yg) is the image plane and f(x,y) is the object plane. The imaging system is 
called space-invariant if the superposition process is the same for all locations of the 
points in the object plane. Since, in this special case, the form of the function remains 
but its location changes, the function depends only on the difference in the coordinates 
of the two spaces. Thus, eq.(4.3) becomes
g(xg,yg) = f f h p g-x,yg-y) Rx,y) dxdy . (4.4)
Introducing the point spread response function with the object distribution, in the 
above equation, operates as a convolution process to produce an image of the object. 
Therefore, equation (4.4) can be given as
g(xg,yg)~h(xg-x,yg-y) * *fix,y) (4.5)
where the symbol ** denotes a 2-D convolution. In order to form an image-space (xg,yg) 
that mimics the object real-space (x,y), the collected data from the object may be analyzed 
through the application of one of the image reconstruction methods which is discussed in 
the next subsections.
4.2.2 Data collection
In experimental transmission tomography a beam from a radiation source, such as 
a gamma ray emitting radionuclide, passes through the sample and is detected on the far 
side. The source-detector combination in our experimental set-up is stationary while the 
sample is controlled, through the assistance of a BBC micro-computer, by two types of 
movements: rotation and translation (in medical applications of computerized tomography 
the source-detector combination rotates around the patient). At a specific angle of rotation 
0, measured between two coplanar reference frames- the sample rotation reference frame 
(x'-y') and the linear movement reference frame (x-y)- the sample moves linearly by equal 
steps dl along the Y-axis where the X~direction is the direction of the incident beam. At
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each step, the material of the sample attenuates the beam and thus reduces its intensity. 
Then the transmitted beam interacts with the detector crystal and as a result a signal is 
generated. The signal amplitude represents the density function f(x,y) of the object which 
signifies the linear attenuation properties of a segment of the sample. In order to 
accumulate this sort of data for the whole sample, the same procedure is repeated at 
different rotation angles. The rotation angle range that is covered in transmission 
tomography is 0°-180°. Each set of data obtained at a specific angle is known as a 
projection and consists of a number of raysums. The data collection procedures are 
illustrated in figure 4.1.
4.2.3 Projection construction
In this subsection the projection formation of a medical tomography image system 
is discussed. As a consequence of the detector-source movements around the patient, 
transmission measurements of a slice within the sample can be obtained. The 
configuration of the slice formation in transmission tomography is illustrated in figure 4.2. 
The slice may be described, mathematically, as a number of continuous line measurements 
L and assumed to be very thin so that measurements of two-dimensional line integral can 
be acquired. However, the slice thickness is defined physically by both the source and 
the detector collimations. Thus, it is obvious that, in practice, a volume integral is 
considered rather than a line integral.
The object is mathematically considered as finite and bounded within a finite 
region of the plane but zero everywhere else [KOU82]. These considerations are met in 
practice and thus the density function f(x,y) can be mathematically represented as
ftx,y) = 0 fo r  r h E
where r is a distance within a circular object of radius E, (see figure 4.3). Each point in 
the slice under investigation contributes to the detected signal. The variation in the signal 
amplitude, produced by the detector, reflects the distribution of the linear attenuation 
coefficient of the slice that is traversed by the photons beam. If it is assumed that a very 
narrow beam geometry is maintained and no scattered radiation detected, the transmitted
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intensity through the slice will obey Beer’s law.
In order to signify the inhomogeneity of the sample, Beer’s law is given in the 
form of an integration over the absorption path L obtained at rotation angle 0 and at 
measurement position /, as follows:
Idil = I ' expl-fLV(S,l) (4.7)
where I  and IQJ are the photon intensities of the incident and transmitted beams, 
respectively, whereas |i(s,l) is the two-dimensional distribution of the linear attenuation 
coefficient of the slice of the object designated in the rotation reference frame.
The 2-D linear attenuation coefficient |U.(s,l) in the Cartesian coordinates can also 
be depicted in the polar coordinates (r,<{>) in which case it is called the Radon space 
[BAR81]. Moreover, the measurement lines L can be represented by ray-paths described 
by projection data space (1,0), as shown in figure 4.3. The Cartesian and the polar 
coordinates are related as follows:
1 = r cos 
s = r sin <j>', and
t = 0 (assuming infinitely thin slice)
Then r = s cos <j/ + 1 sin
where 1 = the perpendicular distance of the measurement line L from the sample 
origin,
ds = path length element on the line L,
r = distance between points on the line measurement L and the sample 
origin,
<})x= the angle between the distances I and r ( <j>"= 0+<j) = tan'1 (s /  /)),
(j) = The angle that r makes with the y-axis and
0 = The angle that 1 makes with the y-axis (which is also the rotation angle). 
The parameter r forms an equation of a straight line parallel to the horizontal line s that 
passes through the sample origin. This indicates that the transformation process between 
the two space states that each path line integral given in Cartesian space is represented
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as a point in Radon space equal to the pedal vector of the projection in real space. 
Furthermore, the relation between the two distances r and I forms an equation of a circle 
of diameter r. It designates the transformation procedures between the two spaces, where 
points in sample space transformed into a circle in Radon space.
The integral of the two-dimensional distribution of the linear attenuation coefficient 
p(r,<])), given in Cartesian coordinates in equation (4.7), along a line L in the slice, at a
particular rotation angle 0 and at a specific measurement position /, is known as the
raysum or line integral pe (/). It is a one dimensional function given as
■pQ(t) = In [I' /  IQ l] = fgt(]r,$)ds (4.8)
A linear scan across the whole width of the sample, at a certain rotation angle, provides 
a complete set of ray sums known as a parallel projection (P0). Consequently, a single 
projection equation takes the form
■P„ = f ‘t fLii(r,4>) ds d l  (4.9)
From the above discussion, we can conclude that Radon transformation requires 
that the image, described by the linear attenuation coefficient values, of an object can be 
obtained from an infinite number of raysums acquired from all directions around the 
object. The Radon transform can be expressed, mathematically, as
R [ I»(r,4») ] = pdfi) (4-10)
where R is the Radon operator. The Radon transform states that |i(r,<j>) is uniquely 
determined when its Radon transform is known everywhere, that is when its line integrals 
p(l,0) are known for all (1,0) [KOU82]. However, due to the finite size of the collimator 
apertures of the source and the detector, only a finite number of raysums can be acquired. 
Thus, algorithm instructions are needed to reconstruct an object from its projections, this 
will be discussed in the next subsection.
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Figure 4.1 - Data collection flow chart.
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S l ic e  w i t h in  (h e  o b je c t.
Figure 4.2 - Rotate-translate transmission tomography movements. The detector-source 
combination (D-S) rotates around an object by a rotation angle 0 and moves from D,-S, 
to Dn-Sn by a linear distance of interval dl.
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Reconstruction techniques are in general divided into two main methods: analytical 
methods and iterative methods. An analytical method, known as Filtered back projection, 
was used in this work to reconstruct the desired images. Therefore, the theory of the 
analytical methods will be discussed in this section. Since the information that is needed 
to reconstruct an image of an object consists of a set of projections acquired around the 
sample, direct solution of the raysum equation (4.8) is considered the essence of the 
analytical reconstruction methods [BR076]. The analytical technique can be classified 
into two basic categories:
(i) Two dimensional Fourier reconstruction and
(ii) Filtered back projection.
The back projection technique was established as a simple technique known as the 
Summation method. However, introducing a filter procedures into the back projection 
technique enhances the quality of the image produced and thus the Filtered back 
projection method is used; it is also known as Convolution and Back Projection method.
Summation Method
The back-projection process, as its name reflects, is the opposite of projection. 
Each one-dimensional function of the projection data is back-projected across the plane, 
i.e. the magnitude of each raysum is applied to all points that make up the ray. It is given 
as
V-b(s,l) = f*ptf) de (4.11)
where |±t,(s,l) is the back-projected density function, smeared along the s-direction, which 
mimics, after performing a summation process shown in figure 4.4, the true object density 
function. Figure 4.4 shows that combining many back-projections creates a two- 
dimensional distribution that represents the back-projected image jib(sT). Thus, the back- 
projected density at each point (s,l) is simply the sum of all raysums passing through that 
point. This summation process of the back-projected data at different orientations produces 
a blurred image due to the accumulation of some of these data outside the object domain
4.2.4 Reconstruction Techniques
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which is known as the star pattern effect. To illustrate the relation between the object and 
the back-projected image (figure 4.4), consider a dense point object given as fi(x,y) 
located at the origin. If a large number of line delta functions are back-projected across 
the point object plane then the density distribution in the image space will be inversely 
proportional to r, where r is the distance from the origin [KOU82]. It may be expressed 
as
\L{xg,y^=\i.{x,y)**yr (4.12)
where (xg,yg) is the reconstructed image space and 1/r operates as a blurring or 
convolution function. This result states that the unfiltered back-projected image pg(x,y) 
is equivalent to the object density function p.(x,y) convolved with a 1/r point spread 
function.
Two Dimensional Fourier Reconstruction
Since the contribution of each point of the object real space towards the detected 
signal is denoted by a two-dimensional function known as density function f(x,y), the 
object may be considered as a continuous function synthesized from a linear superposition 
of many component waves of various phases, frequencies and directions. The spatial 
distribution of the density functions within a slice of the object is stored as a tabulated set 
of values acquired at closely spaced spatial and time intervals. Thus, Fourier analysis 
may be applied to analyze the accumulated data to attain the values of spatial frequencies 
and the cosine and sine amplitudes. Therefore, the first step in the analytical method 
procedure is that the linear attenuation coefficient fi(x,y), as a density function, is 
represented as a Fourier transform
M(£/n)= f +a°[+a°n(x,y) exp[-2ni(Zx+r\y)]dxdy (4.13)
J —OO J — 03
where (^/n) are Fourier-space frequency variables which are conjugate to the projection 
data space (1,0). Thus, the linear attenuation coefficient, which is equivalent to the 
Fourier coefficient is given by inverse Fourier transform as
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f +” f  +”M(Z,q)extf2nitfx+T\y)]dZdT]
J — oo J —oo
(4.14)
However, in practice, the raysum data are stored as one-dimensional functions. 
In order to implement the 1-D raysum data to reconstruct the image of the 2-D object, the 
central slice theorem is employed. It states that the one-dimensional Fourier transform 
of a projection is equal to a particular section of the two-dimensional Fourier transform 
of the object itself [BAR81]. This particular section is the axis along which the raysum 
is acquired where it is given as £ -0  in the Fourier space and as 0=0 in the projection data. 
Hence, by applying the central slice theorem and presenting the raysum values as a 
Fourier transform we may have the following relation
+(11) = f exp[-2rci (5s+iil)]{.0 = M(o,r\) (4.15)
F lP e(.l) 1= ] (4.16)
where F  is the Fourier transform operator. The above result indicates that the projection 
data consist of enough information to reconstruct an image of the object. It concludes that 
each Fourier coefficient, or wave amplitude, of the density function is equal to a 
corresponding Fourier coefficient of the projections taken at the same angle as the Fourier 
wave. Hence, the distribution of the linear attenuation coefficient may be obtained from 
the inverse transform of the 2-D function of the interpolated projection data as follows:
[2tti(^+ti l))^d^dx\ . (4.17)
In order to completely determine the Fourier space an infinite number of 
projections are required. In practice, the projection formation is sampled and thus the 
number of projections is finite. Therefore, high spatial frequencies are lost and the data 
are referred as being band-limited. Since the data are band-limited and the image of the 
slice is usually displayed as an array of square elements called pixels, an interpolation 
must be introduced between the known values of the 2-D Fourier transform of |i(x,y). 
The quality of the reconstructed image depends, to a large extent, upon the interpolation
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(A)
S = Source 
D = Detector 
L = Line intcrgral
n o .n
Figure 4.4 - (A) The porjection construction in the object space. (B) The 
back projections and the summation method showing the star pattern.
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procedures. Exact interpolation requires a large amount of computer time [BR076] and 
thus alternative approaches have been developed.
Filtered Back Projection Method
Since the convolution theorem states that a convolution in real space is simply a 
multiplication in Fourier space [WEB88], the back-projected equation (4.12) can be 
expressed as
M^,q)=M(S,Ti)[i/jR] (4.18)
where R is the distance from the origin in Fourier space equivalent to the frequency.
As a mathematical consequence of the above relation, the back-projected image 
can be improved by introducing a filtering operator to remove the summation effect. 
Obtaining this result in the Fourier domain asserts that, for practical consideration 
requirements, the falling slopes at higher frequencies have to be controlled by a function 
known as apodization or window function. Thus, the central part of the wave will be 
obscured when the filtering operator is applied and it is given as
F(j\)=RA.(y\) (4.19)
where Ffrj) is the filtering operator and A(r\) is the apodization or the window function. 
Thus, eq.(4.18) becomes
M /tt,n )-M (e ,n > K ii) (4-20)
where M'(^,rj) is the filtered estimate value of the object. Since both summation and 
filtering are linear' operations, the reverse procedures can be applied [BAR81]. Thus, 
filtering each projection before summing yields the following back-projected process
n(x,y)=[dp'(l)  de (4.21)
J 0
where p*(/) is the filtered projection data and the integration covers the projection angles
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range. However, the integration converts to a discrete summation when the projections 
are obtained as sampled data.
4.2.5 Data Sampling
The criterion upon which the linear spacing intervals and the number of 
projections, and hence the angular spacing number, should be chosen is governed by 
sampling theory. Shannon’s sampling theory states that a band-limited function can be 
fully specified by samples spaced at intervals not exceeding the inverse of double the 
maximum frequency [WEB88]. Thus, if a band-limited function is known at a subdivision 
of points equally spaced by
W=n/Wc-l/2fc (4.22)
where f c is the maximum frequency known as a cut-off or Nyquist frequency and wc 
is the angular frequency (=27t fc), then it is known everywhere [KOU82].
Since, in practice, the detector collimator aperture determines the maximum cut­
off frequency, the detector-source combination (or the sample in our experimental 
arrangement) should step in increments of half the detector collimator aperture. Hence, 
applying the requirement of this theory in reality appears to be too stringent. Scanning 
systems normally sample the objects at twice this space interval and produce images of 
a pixel size of w x w. Accordingly, the sampling interval determines the spatial 
resolution. The number of raysums Ns in each projection is determined by the scanning 
length, which is the sample diameter d, and the scanning intervals w, which is the width 
of the collimator’s aperture. The number of raysums is defined as
Ns = djw  . (4.23)
However, it is generally useful to keep the. scanning length larger than the sample 
diameter so that to air can be used as a reference material for attaining unattenuated 
intensity I . Since the creation of a projection is repeated at a number of equal angular 
spacings A0 over a range of angles (0°-180°), the number of projections NQ is equal to the
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number of angular spacings and it is related to the angular spacing by
N q = tt/A0 . (4.24)
The minimum number of projections is a function of the independent data Ns in 
each projection which in turn relates to the object diameter. It is in the range of [GIL84],
The total number of data collected for each slice within the sample is given as:
4.3 The Experimental Work
4.3.1 The scanning set-up
The tomographic system employed in this work comprised a radionuclide source 
emitting photons, a detector, associated electronics and a computer to control the signal 
processing and the scanning procedures. The configuration of the transmission 
tomography system is shown in figure 4.5.
In order to obtain accurate tissue characterization, employing a detector of high 
energy resolution and high counting efficiency are essential requirements. However, 
satisfying both criteria is difficult to achieve in practice since the available options are 
scintillation detectors, NaI(Tl), with high efficiency and semiconductor detectors, such as 
HPGe with high resolution. Due to the poor energy resolution of scintillation detectors, 
the peak pulse height distributions measured with sodium iodide counters include a large 
contribution of scattered photons. Since Compton scattering contamination is considered 
a major factor in degrading the quality of tomographic images [HAD94], the HPGe was 
the detector of choice to minimize the scattering effect. Configuration and operational 
characteristics of HPGe detectors are presented in Knoll’s textbook [KNO8 8 ].
nNj2 < Nq i  tzNJ4 (4.25)
N=NsNe . (4.26)
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Collitrmor material = B r a s s  
Collimator material .= Lead
Am-241
M Source( 7.4 GBq )
Rotary Holder
Linear Drive
Figure 4.5 - Experimental configuration of transmission tomography ( Top view ).
Despite using a high resolution detector, a fraction of the Compton scattered 
photons always contributes to the primary full energy photopeak which is impossible to 
remove entirely by the use of superior energy resolution detectors. Therefore, a method 
of correction should be applied (see the following section). The energy resolution as well 
as the absolute and intrinsic counting efficiencies of the HPGe detector were measured 
at 59.5 keV at about the same distances as the set up in the tomographic scanning 
experiment. Detector-sample distance was 56.5±1 mm whereas the source-sample distance 
was 50.5±1 mm. The energy resolution was found to be about 518+17.3 eV and the 
absolute efficiency was approximately 0.245+2x1 O'4 % whereas the intrinsic one was 
about 2.41±2xl0'3 %. To reduce the counting time for the tomographic measurements a 
high activity source was used and the source-detector distance was kept to the practical 
minimum that could be achieved without inducing unacceptable dead times in the
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detecting system. A steel encapsulated radiation source of americium (241Am) was 
employed to provide a mono-energetic beam of y-rays of 59.5 keV. The source was 
collimated and shielded since high activity, 7.4 GBq (200 mCi), was used. More details 
about the source are given in Appendix-3. The source was collimated by a lead 
collimator with an aperture of 2 mm diameter whereas the detector was collimated by a 
lead collimator whose 20mm diameter aperture was fitted with a brass collimator of 2mm 
diameter hole. Thus, an approximate pencil beam geometry was achieved. A more 
severely collimated beam would have produced better spatial resolution but that would put 
restrictions on the counting rate and result in impractically long measurement times for 
each scan of the sample.
4.3.2 The Dual Photopeak W indow Method
The dual photopeak window (DPW) method was used to correct the primary 
spectrum for the scattering contamination. Two single channel analyzers (SCA) were set 
in order to serve to select only a limited range of amplitudes from all of those generated 
by the detector. Each SCA involves two independent discrimination levels. A multi­
channel analyzer (MCA) was employed to define the discrimination levels of each of the 
SCAs. The photon spectrum of Am-241 was collected by the MCA for about 3000 
seconds to determine two energy regions of interest (ROIs). The first ROI was set on the 
full energy photopeak to estimate the primary photons whereas the second ROI- chosen 
at the lower energy tail of the photopeak adjacent to the first one- was set to measure the 
scattered photons. The upper limit of the ROI was estimated according to the detection 
limit criteria
where /  a factor determines the precision of the detection limit (f=2 i.e two standard 
deviations which gives a 95% confidence level that the two readings of a Gaussian 
distribution are from different populations) and Cn and Cn+I are photon counts in channel 
numbers n and n+1, respectively. The same criteria were also employed to determine the 
lower limit of the ROI. The ROI set on the photopeak represents the total integrated 
counts T whose value is
(4.27)
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r  = p  + b (4.28)
where P and B are the primary and the background counts, respectively. For a Gaussian 
photopeak distribution, the background can be determined by a trapezoid area as it shown 
in figure 4.6. The scattered counts represent the background whose contribution to the 
signal must be eliminated. It is defined as the trapezoid area underlying the full width at 
tenth maximum FWTH of the photopeak. The width estimation of the ROI was verified 
by the ratio of FWTM / FWHM which is for Gaussian distribution is equal to 1.82 where 
FWHM is the full width at half maximum [ROB75].
The lower discrimination level E of each of the SCA was manually adjusted to the 
lower limit of the corresponding ROI while the upper discrimination level a E  was tuned 
to cover the width of the ROI. The SCA produces a logic output pulse only if the input 
linear pulse amplitude lies between the two levels [KNO8 8 ]. These amplitudes 
corresponded to the primary photopeak, i.e. to the 59.5 keV photons, and the scattered 
photons. The logic output pulses passed through two counters after which the count data 
were transferred by electronic means to the BBC micro-computer and stored into two 
separate files as a set of counts representing the readings of the primary window T  and 
the scatter window C. The data in the scatter window C are assumed to be
C = KB (4-29)
where K  is a constant. The value of the constant K can not be estimated experimentally, 
however, 0,5 has been suggested by several authors for Single Photon Computerized 
Tomography (SPECT) [SAN82]1 [SHA94].
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count / channel
Figure 4.6 - A spectrum showing the dual window scattering method.
4.3.3 Performance of the scanning system
The scanner system performance was examined using several chemical compounds 
whose linear attenuation were known, i.e. either tabulated or calculated using the XCOM 
computer code [BER87]. They were selected to cover a range of densities from 0.66 to 
3.14 g/cm3, and hence a range of measured linear attenuation coefficients were verified 
All the chemical compounds that were used to test the system performance were in liquid 
form, except the calcium orthophosphate and calcium carbonate which were in powder 
form and the breast tissue substitute material (BR12) [WHI74] which was solid. Chemical 
and physical properties of the compounds employed are given in Appendix-4. The quality 
and the stability of the system was checked under the same conditions that were to be 
applied for the breast tissue samples and hydrophilic materials. Thus, the chemical 
samples were placed in containers similar to those of the breast tissue specimens, with
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dimensions of 12.4+0.01 mm inner diameter, 1+0.01 mm wall thickness and 10+0.01 mm 
height. Moreover, the scanning procedures and parameters were the same as those used 
for the breast tissue samples as discussed in section 4.3.5.
The existence of unavoidable micron sized bubbles introduced an uncertainty, into 
the measurements, which would be partially overcome by careful choice of the ROI in the 
tomographic image. Therefore, an averaged linear attenuation coefficient for each sample 
was estimated by a set of ROIs; those were of the following matrix sizes: 2 x 2, 3 x 3, 
4 x 3  and 4 x 4  pixels. For each size of ROI, noise in the image and error in the 
averaged linear attenuation coefficients were evaluated. The results are presented in tables 
4.1-4.8. It was found that the lowest noise in the images and the smallest error were 
associated with the smallest ROI of 2 x 2 pixels. The experimental accuracy, relative to 
XCOM calculations (which of course has its own associated errors and cannot be 
considered as the absolute standard), was found to be between 0.5% and 7%, the averaged 
accuracy was about 3%. Larger ROIs exhibited contributions from the attenuation 
properties of the container and the air gaps within the samples due to the partial volume 
effect which is discussed in section 4.4. The partial volume effect is minimized in the 
ROI size 2 x 2  pixels. Moreover, the stability of the system was observed all along the 
experimental work by obtaining at frequent intervals a tomographic scan of the water 
sample. The system was considered to be stable since the average variation in the linear 
attenuation coefficient of the water sample, measured over many months, was found to 
be better than 0.2%, the results are given in table 4.9.
There are several interrelated sources of noise associated with the image formation 
process which cause degradation to the image. These noise sources emerge from the 
breast tissue sampling procedures, the experimental system, the scanning technique and 
the noise inherent in the reconstruction algorithm. The procedures of breast tissue 
sampling introduce errors into the linear attenuation coefficient measurements due to the 
probability of having pixels consisting of a mixture of different tissue types. In addition, 
the sample size and shape present significant noise to the measurements. The effects of 
the morphology of the breast tissue samples on the linear attenuation measurements are 
discussed in section 4.4. Errors originating from the experimental system incorporate
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several factors, such as the limitations in the scanning set-up and the restrictions in the 
data collection. The limitations of the scanning system are mainly pronounced through 
the limited spatial resolution, the low counting efficiency and the existence of the 
scattered photons. The system spatial resolution is a function of the detector intrinsic 
resolution and the collimators resolution, both of which initiate a degree of noise in the 
collected data. The detector intrinsic resolution arises from the counting statistical noise, 
the drift in the operating characteristics of the detector during the measurement times and 
the random noise in the detector and the associated electronics. The counting statistics 
is the main source of fluctuation in the response of a given detector. The detector 
counting efficiency produces quantum noise which originates from the finite number of 
photons contributed in the formation of each raysum. It enhances the error created by the 
statistical nature of the photon counting. This can be relatively reduced by minimizing 
the detector-sample and the source-sample dimensions and by using a high intensity 
radiation source. Uncertainty due to partial volume effect usually arises from data 
collected with the employment of a large collimator aperture. Insufficient original 
projection data along with the reconstruction technique employed generate images of 
inferior quality. The incomplete data sets are rectified using an analytical technique based 
on an interpolation approach which assumes a similarity between the existing and the 
missing data [SAN82]2. Furthermore, the assumption of line integral rather than volume 
integral leads to some error in the measurements.
The estimated error in the reconstructed images was analyzed on the basis of the 
noise associated with each pixel of the ROI. It is a function of the number of photons 
that established the information data of each pixel of the reconstructed image [LAR93]. 
Thus, the uncertainty in terms of standard deviation a  of the averaged linear attenuation 
image is calculated to be
o = Y U  U a v-V i)7
(4.30)
\ n - 1
where pav is the averaged linear attenuation coefficient over the selected ROI, ]x-t is the
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Table 4.1 - Linear attenuation coefficients of chemical compounds measured at 59.5 keV
to calibrate the scanning system, ROI size of 2 x 2 pixels.
Sample Linear atten. coeff.
p. Error (a) 
(cm'1) (%)
Relative Noise 
in image 
(%)
Hexane 0.133 0.70 5.15
Dimethylformamaide (DMF) 0.186 0.25 1.30
BR12 0.181 0.50 2.70
Acetylacetone 0.189 0.80 4.00
Water 0.212 0.45 2.10
Dimethylsulphoxide (DMS) 0.294 0.90 2.90
Glycerol 0.235 1.10 4.70
Calcium carbonate 0.502 3.50 7.00
Calcium orthophosphate 0.299 0.10 4.30
Table 4.2 - Mass attenuation coefficients of the chemical samples at 59.50 keV, ROI size
of 2 x 2 pixels.
Sample Measured 
p/p Error (a) 
(cm2/g) (%)
Calculated
p/p
(cm2/g)
Relative
Accuracy
(%)
Hexane 0.202 1.20 0.197 2.50
DMF 0.196 0.30 0.195 0.50
BR12 0.187 0.50 0.193 3.10
Acetylacetone 0.194 0.80 0.193 0.50
Water 0.212 0.45 0.207 2.40
DMS 0.267 0.80 0.287 7.00
Glycerol 0.186 0.90 0.197 5.60
Calcium carbonate 0.347 2.40 0.381 8.90
Calcium
orthophosphate
0.396 0.20 0.410 3.40
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Table 4.3 - Linear attenuation coefficients of chemical compounds measured at 59.5
keV to calibrate the scanning system, ROI size of 3 x 3 pixels.
Sample Linear atten.
P
(cm'1)
coeff. 
Error (a) 
(%)
Relative Noise 
in image 
(%)
Hexane 0.123 2.00 16.40
Dimethylformamaide (DMF) 0.182 1.50 8.20
BR12 0.177 0.80 4.50
Acetylacetone 0.181 0.30 1.40
Water 0.200 1.30 6.50
Dimethylsulphoxide (DMS) 0.305 2.00 6.60
Glycerol 0.245 2.40 9.70
Calcium carbonate 0.487 3.70 7.50
Calcium orthophosphate 0.300 0.10 4.30
Table 4.4 - Mass attenuation coefficients of the chemical samples at 59.50 keV, ROI size
of 3 x 3 pixels.
Sample Measured 
ji/p Error (o) 
(cm2/g) (%)
Calculated
M/P
(cm2/g)
Relative
Accuracy
(%)
Hexane 0.205 3.30 0.197 4.10
DMF 0.192 1.60 0.195 1.50
BR12 0.182 0.80 0.193 5.70
Acetylacetone 0.186 0.31 0.193 3.60
Water 0.200 1.30 0.207 3.40
DMS 0.277 1.80 0.287 3.50
Glycerol 0.194 1.90 0.197 1.50
Calcium carbonate 0.336 2.50 0.381 11.80
Calcium
orthophosphate
0.397 0.20 0.410 3.20
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Table 4.5 - Linear attenuation coefficients of chemical compounds measured at 59.5 
keV to calibrate the scanning system, ROI size of 3 x 4 pixels.
Sample Linear atten. coeff.
p Error (a) 
(cm'1) (%)
Relative Noise 
in image 
(%)
Hexane 0.126 2.00 15.30
Dimethylformamaide (DMF) 0.182 2.00 7.00
BR12 0.182 1.10 6.00
Acetylacetone 0.183 2.40 13.0
Water 0.202 2.00 6.30
Dimethylsulphoxide (DMS) 0.297 2.10 7.00
Glycerol 0.240 2.10 8.80
Calcium carbonate 0.493 3.40 6.80
Calcium orthophosphate 0.294 0.10 3.90
Table 4.6 - Mass attenuation coefficients of the chemical samples at 59.50 keV, ROI
size of 3 x 4 pixels.
Sample Measured 
p/p Error (a) 
(cm2/g) (%)
Calculated
fl/p
(cm2/g)
Relative
Accuracy
(%)
Hexane 0.21 3.30 0.197 6.60
DMF 0.192 2.10 0.195 1.50
BR12 0.188 1.10 0.193 2.60
Acetylacetone 0,188 2.50 0.193 2.60
Water 0.202 2.00 0.207 2.40
DMS 0.270 1.90 0.287 5.90
Glycerol 0.190 1.70 0.197 3.55
Calcium carbonate 0.340 2.30 0.381 10.80
Calcium
orthophosphate
0.389 0.30 0.410 5.10
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Table 4.7 - Linear attenuation coefficients of chemical compounds measured at 59.5
keV to calibrate the scanning system, ROI size of 4 x 4 pixels.
Sample Linear atten. coeff.
p. Error (a) 
(cm'1) (%)
Relative Noise 
in image 
(%)
Hexane 0.126 1.70 13.20
Dimethylformamaide (DMF) 0.182 1.20 6.50
BR12 0.186 1.20 6.50
Acetylacetone 0.185 2.10 11.20 |
Water 0.201 1.30 6.40
Dimethylsulphoxide (DMS) 0.294 1.90 6.40
Glycerol 0.238 1.90 8.00
Calcium carbonate 0.484 4.10 8.60
Calcium orthophosphate 0.296 1.10 0.50
Table 4.8 - Mass attenuation coefficients of the chemical samples at 59.50 keV, ROI size
of 4 x 4 pixels.
Sample Measured 
fi/p Error (a) 
(cm2/g) (%)
Calculated
M/P
(cm2/g)
Relative
Accuracy
(%)
Hexane 0.191 2.50 0.197 3.10
DMF 0.192 1.25 0.195 1.50
BR12 0.192 1.20 0.193 3.10
Acetylacetone 0.190 2.10 0.193 1.55
Water 0.201 1.30 0.207 2.90
DMS 0.267 1.70 0.287 7.00
Glycerol 0.189 1.50 0.197 4.10
Calcium carbonate 0.335 2.90 0.381 11.80
Calcium
orthophosphate
0.392 1.40 0.410 4.40
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Table 4.9 - The system stability.
Measurement
No.
p. (cm1) Error (g) 
(%)
Noise
(%)
1 0.212 0.05 0.24
2 0.211 0.10 0.47
3 0.204 0.20 0.98
4 0.210 0.06 0.29
5 0.204 0.06 0.29
6 0.198 0.10 0.50
7 0.205 0.10 0.49
linear attenuation coefficient of pixel number i and n is the total number of pixels in the 
selected ROI. In addition, the relative noise is evaluated as the standard deviation divided 
by the averaged linear attenuation coefficient.
4.3.4 Breast tissue specimen preparations
In order to avoid the variations that exist because of age, diet, hormonal status, 
medication and health status of the patient, samples of normal and abnormal tissues were 
obtained from the same individual. All the tissue types, tumour, adipose (fat) and 
glandular, were excised from postmenopausal patients (except patient no. 9 whose age was 
39 years) undergoing mastectomies. It was hoped that microcalcification samples will be 
examined in this project but due to their small sizes they were needed for diagnosis 
purposes in histopathology. Specimens were supplied by the Histopathology Department 
of the Royal Surrey County Hospital as fresh and blood-free samples. The 
histopathologist determined the pathological state of the tissues and specified the tissue 
type. Each type of tissue was precisely dissected to exclude any adjacent tissues. 
However, glandular tissues were mixed with fat tissue because almost all of the patients 
were above 45 years old and thus the availability of pure glandular tissues was remote. 
Since breast tissue specimens, like any other tissues, are considered as biological
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hazardous samples, they were placed in capped transparent polyethylene containers by the 
histopathologist. Moreover, samples were not removed from the containers either during 
the freeze drying process or when they were scanned. These precautions were also taken 
because the samples were soft and thus amenable to distortion.
Protecting biological samples from contamination and from microbiological attack 
is essential to maintaining the actual elemental composition of the tissues and hence 
determination of accurate attenuation properties of the tissues. Contamination may occur 
as a result of the environmental factors and the sampling operation [SAN78]. Since the 
samples were prepared in the histopathology laboratory at the hospital, the chances of 
environmental contamination were small. The excised breast tissue samples were 
protected against microbiological attack by the freeze drying process using an Edwards 
EF4 Modulyo freeze dryer. They were kept in the freezer immediately after receipt for 
about 12 hours as the first stage of the freeze drying process. The basic principles of the 
freeze drying procedure is that the pre-frozen tissue samples undergo deep freezing 
followed by vacuum exposure. This allows the ice contained in the frozen product to 
sublime, that is, to change directly from the solid to the vapour state without melting. 
The ice does not evaporate simultaneously from all parts of the sample, but a frozen 
interface continuously moves away from a dry outer boundary [EDW83]. The resulting 
freeze dried sample remains in the same shape and size as the original frozen state. 
During the freeze drying process, the covering caps of the containers were removed. The 
freeze dried samples were kept in their containers and stored at room temperature in 
plastic bags in a desiccator.
4.3.5 Breast tissue tomographic scanning
Since breast tissue specimens are heterogenous samples, a single measurement of 
the linear photon attenuation coefficient through each sample is inaccurate for estimating 
their attenuation properties. Therefore, tomographic scanning which determines the 
attenuation from all directions around the sample and thus produces a photon linear 
attenuation coefficient distribution in a plane of the sample under investigation was 
essential. A well defined narrow beam of radiation was scanned across the sample and
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detected when transmitted in order to define the slice of interest. The sample was scanned 
under the control of the BBC-microcomputer J.DEV-2 software by which it performs 
translate-rotate movements between the source and the detector. The detector and the 
source were supported by holders whose heights of each can be precisely adjusted 
manually. In order to ensure a high efficiency in acquiring the counting data, the 
collimator apertures of both source and detector must be well aligned. The alignment was 
checked at the beginning of each scan by using a thin laser beam (diameter of » 2 mm) 
through the source holder. The centre axis of the sample position was also tested at the 
start of each scan by fixing a thin brass pin (1 mm diameter) at the centre of the sample 
holder and verified that the laser beam struck the centre of the pin.
The scanning parameters were set according to the required count rate for each 
raysum and the size of the sample. The raysum data were obtained as a number of counts 
collected within a preset time. In order to reduce the counting statistical error to less than 
2%, counting time at the thickest part of the sample was set to give a preset number of 
counts, approximately 3000 counts. Since freeze dried breast tissue samples were scanned 
while they were in the polyethylene containers, the diameter of the sample container 
determines the required number of raysums (by applying eq. (4.23)). The scanning 
parameters were estimated by the mathematical relations given in section 4.2.5, they were 
13 raysums, 15 projections, 12 angular spacings and the measurement time for each scan 
was 40 seconds. The collected data were stored by the BBC micro-computer on diskettes 
as two files representing the full energy photopeak window counts and the scattering 
window counts. Data were converted to ASCII format by the use of software and 
transferred to the central computing network through the KERMIT system. A simple 
Fortran programme was written to subtract the scattering contribution from the primary 
peak window. In order to calculate the linear attenuation coefficient of the breast tissues, 
the transferred data were reconstructed by the filtered back-projection algorithm software. 
The reconstructed information was presented as grey scale images through a computer 
package called XV [BRA93]. Each reconstructed image was displayed as a matrix of 
pixels of a size corresponding to the squared number of the raysums. Regions of interest 
(ROIs), which represent a matrix of a number of pixels, were selected on the images in 
order to calculate the average linear attenuation coefficient of each sample.
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4.4 R esu lts  a nd  D iscuss ion
Water was removed from the fresh samples as a result of the freeze drying process 
and thus a reduction in the weights of the samples took place, the weight data are listed 
in table 4.10. The largest amount of water removed was from the tumour specimens 
which was about 39.3±0.02% by weight. The glandular tissue samples exhibited an 
amount of water reduction of approximately 20±0.025% by weight. The fat tissue 
samples showed the lowest value of water reduction which was about 14±0.026% by 
weight. Our findings show that fat tissues have less water content compared to the other 
two tissues which agree well with the data given by Woodard and White and Evans 
[WOO8 6 ] [EVA91]. The significant difference in the amount of water contained in the 
pathological specimens is worthy of note; it has not been reported hitherto in the 
literature.
Due to the inhomogeneity, irregular shape, and the small dimensions of the breast 
tissue samples (< 10 mm x < 10 mm), the exact position and size of ROIs were 
maintained with difficulty for all samples. These factors presented partial volume effects 
to the images which introduced uncertainty in the linear attenuation measurements of the 
breast tissue samples. Partial volume influence refers to linear attenuation readings of a 
mixture of materials or compounds in each pixel rather than an attenuation value of the 
tissue of interest, alone. They represented readings of sample / container, sample / air 
and container / air combinations. In order to avoid the container contribution in the 
partial volume effect, ROIs were taken, whenever possible, at the centre of the image and 
thus readings of container / sample combinations were excluded. The air attenuation 
readings were given in negative values, hence discriminating against them was not 
difficult. The existence of readings of sample / air combination, due to the irregularity 
of the samples’ shapes, implies the need for further investigation. In order to resolve the 
values of attenuation of the samples from that of the combination, a threshold method was 
used.
The attenuation values of the container were estimated by scanning an empty 
container and thus the average value of |i which represents the attenuation properties of
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the container walls plus air was obtained. Furthermore, the average attenuation of the 
sample / air combination was also estimated. These two averaged values were compared 
to establish the threshold value. It was found that the combination readings gave a value 
of about 0.010 mm"1 and that was considered as a threshold value. Partial volume effects 
put a restriction on the size of the ROIs and therefore some samples were excluded from 
the study due to their very small sizes which under the experimental conditions used were 
completely composed of combination readings. Those samples were; tumour sample of 
patient number 1 and 4 and fat sample of patient number 5. The size of ROI was chosen 
to be two adjacent pixels on the sample image. It was determined on the basis of the 
dimensions of the smallest sample after taking into account the exclusion of the very 
small samples . The smallest sample was the tumour sample of patient number 5 whereas 
the largest was the fat sample of patient number 4. The reconstructed images and the 
middle rows which represent the linear attenuation profiles of one of the very small 
samples, the smallest sample and the largest sample, respectively, are shown in figures 
4.7-4.12.
Linear attenuation coefficients of each type of breast tissue were measured while 
the samples were in a freeze dried state, results are presented in table 4.11 and the 
associated average noise is given in table 4.12. Since the dried breast tissue samples did 
not resemble the true ’fresh’ state of the breast tissues, a correction method was adopted 
in order to estimate their real attenuation properties. Since the amount of the water 
removed on freeze drying is known, the Mixture Rule can be applied. It states that the 
attenuation property of a mixture or a chemical compound can be estimated from the 
weighted sums of the attenuation property of the constituent elements. Mathematically, 
it can be cast into
(4-31)
where p.M is the linear attenuation coefficient of the mixture, and jil and w,- are the linear 
attenuation coefficient and the fraction-by-weight of element i in the mixture, respectively. 
The measured linear attenuation coefficient represents the dried sample. The linear 
attenuation coefficient of the wet sample is considered as a sum of the measured value
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of the dried tissue and the calculated attenuation value (W;pw) of the water removed from 
the sample where wt is the measured weight of the removed water and pw tabulated linear 
photon attenuation coefficient of water. The attenuation data of the wet breast tissue 
specimens are given in table 4.13.
The wet tumour tissues exhibited, as expected, the highest linear attenuation value 
compared to that of both fat and glandular tissue samples. Linear and mass attenuation 
coefficients of normal breast tissues were calculated, with the aid of their elemental 
composition data, by Hammerstein et al [HAM79]. Rao and Gregg estimated the 
attenuation properties of normal breast tissues by using several radioisotopes and a 
Nal(Tl) detector whereas White et al employed a beam of flourecent x-rays and a Ge-Li 
detector [RA075] [WHI80]2. They did not specify as to whether the breast samples were 
fat or glandular tissues. John and Yaffe measured, by the use of an x-ray tube and a 
HPGe detector, the linear attenuation coefficients of normal and pathological breast tissues 
[JOH87]. They introduced the linear attenuation coefficient values as tabulated values for 
a range of energies but the 59,50 keV was not included. We present the findings of John 
and Yaffe as a graph of p-vs-energy, in figure 4.13, in order to obtain the linear 
attenuation coefficients at 59.50 keV which were found to be 0.189, 0.217, and 0.221 cm'1 
for fat, non-fat and tumour, respectively. The findings of the attenuation properties of 
breast tissues, published by the above mentionned authors, are shown in table 4.14. The 
mass attenuation coefficient results of the breast tissue models which we calculated, at 
photon energy of 59.50 keV,by using XCOM software are given in table 4.15.
We compared our experimental results of the linear attenuation coefficients of each 
type of the breast tissues to the published data of John and Yaffe [JOH87]. The best 
agreement (1% variation) was found with glandular tissues and the comparison ratio 
between the two studies were 88%, 88% and 96% for tumour, fat and glandular tissues, 
respectively. However, their study was done- for each group of different tissue types- on 
different individuals whereas our experimental results were obtained from the same 
patients. In the investigations of John and Yaffe, for some patients two or more tissue 
specimens were examined but it was not mentionned which specimens were taken from 
the same individual. Since the elemental composition of the breast tissues vary from one
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Table 4.10 - Weights of breast tissue samples in dry and wet states.
Patient Tissue
type
Weight 
( dry ) 
g ± IO'4
Weight 
(w et) 
g ± IO'4
Reduction 
in weight
g ±  io-4
Percentage of 
reduction in 
weight%
no. 1 
Age > 
45
Tumour 0.6878 1.278 0.5901 46.17+0.008
Adipose 0.8669 1.0979 0.2128 19.38+0.009
Glandular 0.8908 1.0708 0.1800 16.81+0.009
no. 2 
Age = 
63
Tumour 0.8050 1.4285 0.6235 43.65+0.007
Adipose 1.1426 1.3130 0.1704 13.00+0.008
Glandular 0.8883 1.0859 0.1976 18.20+0.009
no. 3 
Age = 
45
Tumour 0.6788 1.2436 0.5648 45.42+0.008
Adipose 1.0924 1.2740 0.1816 14.52+0.008
Glandular 1.1855 1.3455 0.1600 11.89+0.007
no. 4
Age = 
74
Tumour 0.6612 1.2290 0.5278 40.63+0.008
Adipose 1.1689 1.3715 0.2026 14.77+0.007
Glandular 1.0652 1.1655 0.1003 08.61+0.009
no. 5 
Age = 
57
Tumour 0.7353 1.2269 0.4916 40.06+0.008
Adipose 0.6288 0.9304 0.3016 32.42+0.011
Glandular 0.9362 1.2103 0.2741 22.65+0.008
no. 6 
Age = 
70
Tumour 0.9218 1.4021 0.4803 34.26+0.007
Adipose 1.1007 1.1733 0.0726- 06.19+0.009
Glandular 0.9020 0.9789 0.0859 08.78+0.010
no. 7 
Age=51
Adipose 1.1281 1.2513 0.1232 09.85+0.008
Glandular 0.9297 1.4219 0.4922 34.62+0.007
no. 8 
Age = 
49
Tumour 0.8536 1.0640 0.2104 19.77+0.009
Adipose 1.1433 1.2099 0.0666 05.50+0.008
Glandular 0.8984 1.1022 0.2038 18.49+0.009
• no. 9 
Age = 
39
Tumour 0.6934 1.2836 0.5902 46.00+0.008
Adipose 0.9249 1.0313 0.1064 10.32+0.010
Glandular 0.8260 1.2989 0.4729 36.41+0.008
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Figure 4.7 - Reconstructed image of fat sample of patient number 5 
(the very small sample).
Pixel no.
Figure 4.8 - Linear attenuation profile of the middle row of the above
reconstructed image showing readings of different region combinations.
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Figure 4.9 - Reconstructed image of tumour sample of patient number 5 
(the smallest sample).
Pixel no.
Figure 4.10 - Linear attenuation profile of the middle row of the above
reconstructed image showing readings of different region combinations.
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Figure 4.11- Reconstructed image of fat sample of patient number 4 
(the largest sample).
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Pixel no.
Figure 4.12 - Linear attenuation profile of the middle row of the above
reconstructed image showing readings of different region combinations.
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Table 4.11 - Linear attenuation coefficient (cm'1), for photons at 59.50 keV, 
in human female breast tissue samples in freeze dried state.
Patient
No.
Tumour Adipose Glandular
1 — 0.215+0.011 0.147+0.003
2 0.166+0.015 0.164+0.008 0.191+0.022
3 0.141+0.017 0.200+0.005 0.169+0.009
4 — 0.186+0.011 0.186+0.009
5 0.157+0.033 — 0.172+0.025
6 0.113+0.004 0.170+0.014 0.214+0.022
7 * 0.185+0.006 0.175+0.013
8 0.196+0.008 0.207+0.026 0.190+0.004
9 0.127±0.004§ 0.147+0.036 0.133+0.016
Range 0.113-0.196 0.147-0.215 0.133-0.214
Average 0.150+0.041 0.184+0.050 0.175+0.047
* - No tumour sample was supplied by the histopathology department for patient no.7 
because the tumour was too small and was entirely used for diagnostic purposes.
§ - The pathological sample of patient no. 9 was diagnosed as overfibro tumour 
while the rest of the tumour samples were diagnosed as cancerous tumours.
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Table 4.12 - Average noise associated with the breast tissue images.
Tissue Type Tumour Adipose Glandular
Average Noise ( % ) 5.20 7.30 6.6
Table 4.13 - Linear attenuation coefficient (cm1), for photons at 59.50 keV, 
in human female breast tissue samples in a wet state.
Patient
No.
Tumour Adipose Glandular
1 — 0.259±0.011 0.184±0.003
2 0.295±0.015 0.199±0.008 0.232±0.022
3 0.258+0.017 0.238±0.005 0.219+0.022
4 — 0.228±0.011 0.207+0.009
5 0.259+0.033 — 0.229±0.025
6 0.212±0.004 0.185±0.014 0.232±0.022
7 — 0.210±0.006 0.277±0.013
8 0.239±0.008 0.221±0.026 0.232+0.004
9 0.249±0.004 0.169+0.036 0.231±0.016
Range 0.212-0.295 0.169-0.259 0.184—0.277
Average 0.252±0.041 0.214±0.050 0.227±0.047
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Table 4.14 - Published data on photon linear and mass attenuation coefficients of breast
tissues.
Tissue Attenuation Properties 
Range
jl (cm*1) ji/p (cm2/g)
Energy
Range
(keV)
Ref.
Adipose Tissue 2.76-0.192 — 10-50 HAM79
50% adipose-50%Gland. 3.80-0.209 3.57-0.0338 9 9
50% water - 50% Fat 3.65-0.207 3.50-0.0343 9 9
Breast 0.317-0.0812 
(p=0.189 cm*1 at 60 keV)
27-662 RA075
Breast 4.646-0.2036 4.55-0.200 9.88-
59.32
WHI80
Fat 0.558-0.152 18-110 JOH87
Non-Fat 1.028-0.170 9 9
Tumour 1.085-0.173 9 9
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Table 4.15 - Calculated values of the attenuation coefficients of breast tissue models, at 
photon energy of 59.50 keV, using the XCOM software.
Tissue Total mass
atten.
coeff.
JLt/p (cm2
/g)
Density 
p (g/cm3)
Linear
atten.
coeff.
|± (cm'1)
Reference
50% Water /  50 % 
Fat
0.201 0.920 0.185 White 
1974 / 77
Breast 0.199 0.970 0.193 White 1987
Breast 1
(Mammary Gland)
0.199 0.990 0.197 Woodard & 
White 1987
Breast 2
(Mammary Gland)
0.201 1.020 0.205 ss
Breast 3
(Mammary Gland)
0.203 1.060 0.215 ss
50 Water / 50 Lipid * 0.201 0.960 0.193 ss
33 W ater/ 67 Lipid 0.199 0.940 0.187 ss
Breast calcification 0.405 3.060 1.239 ss
50 Fat / 50 Muscle 0.201 0.960 0.193 Constantinou
1982
25 Fat / 75 Muscle 0.204 1.020 0.208 ss
75 Fat / 25 Muscle 0.199 0.950 0.189 ss
Soft tissue 0.202 — — ss
Fat Substitute 
( Ethoxyethanol )
0.198 0.930 0.184 John and
Yaffe
1987
* This combination is frequently given as 50 water / 50 Fat .
- Soft tissue chemical formula is C5 H40 0 18 N.
- Fat substitute, Ethoxyethanol, chemical formula is C4 H10 0 2 .
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Figure 4,13 - Graphic representation of tabulated values, John and Yaffe 1987, of 
linear attenuation coefficients for photons in human female breast tissues.
person to another, as has been explained in chapter 2, the attenuation properties are 
expected to diverge among individuals. Rao and Gregg concluded that a variation of up 
to 1% occurs with samples from the same individuals and a greater variation may exist 
between different populations. Moreover, the results of Rao and Gregg show that the 
same order, i.e. 1%, of diversity occurred between cancerous and normal tissues in some 
organs such as lung and liver. However, this is not applicable to most of the pathological 
and the normal breast tissues that we have examined in this project. We, in fact, observed 
variations as large as 10%.
4.5 Conclusions
The quality of the tomography images was highly affected by the physical state 
of the sample under investigation. It was expected that the accuracy of the results would 
improve by increasing the size of the ROI. However, images of liquid and powder 
chemical samples were degraded by the existence of micro sizes of bubbles and air voids 
and thus smaller ROIs gave better results. Uniformly compressed powder samples may
96
produce images of better quality. Homogeneous solid chemical samples should present 
images with less noise since the partial volume effect would not be pronounced when the 
ROI is selected in a place away from the sample edges. Shape and size of samples put 
restrictions on the ROI size and limitations on the system accuracy, whose effects are 
experienced in the biological samples, i.e. the breast tissue samples. Moreover, breast 
tissue samples were heterogeneous specimens and the system was calibrated by 
homogeneous samples and therefore the accuracy was expected to be inferior in the 
biological tissue measurements.
In order to eliminate the density factor, the mass attenuation coefficient rather than 
linear coefficient would be a more fundamental and accurate representation of the 
attenuation properties of the breast tissue samples. However, the ability of measuring the 
density was hindered by the irregular shape of the specimens as well as by their softness 
which prevented the implementation of the buoyancy principle. Thus, a comparison 
between the measured mass attenuation coefficients of breast tissue samples and calculated 
ones using XCOM was not possible.
The largest amount of water removed was from the tumour specimens (about 
39±0.02% by weight). The glandular tissue samples exhibited an amount of water 
reduction of approximately 20±0.025% by weight whereas the fat tissue samples showed 
the lowest value of water reduction (about 14±0.026% by weight). Our findings for the 
fat tissues agree well with the data given by Woodard and White and Evans [WOO8 6 ] 
[EVA91]. The significant difference in the amount of water contained in the pathological 
specimens is an interesting area of further research; it has not been reported hitherto in 
the literature.
Our experimental results have shown that the mean value of the photon linear 
attenuation of tumour tissues was significantly higher than those of fat and glandular 
tissues whereas the glandular tissue values were higher than that of fat tissues, as 
expected. The variation, in the averaged values of the linear attenuation coefficients, 
between different tissue types were about 4% for tumour-fat, 2.5% for tumour-glandular 
and 1.3% for fat-glandular tissues. The ranges of the attenuation properties overlapped
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for all the tissue types.
Cancerous tissues have a higher ability to attenuate a beam of photons compared 
to other tissue types; this may refer to the existence of elements of higher atomic number 
in their structure. However, the exact elemental composition of tumours of breast tissues 
is unknown. John and Yaffe expected that breast tumour tissues to consist of either 
calcium concentrations without foci mineralization or fraction of fat cells which are 
smaller than the ones in glandular tissues. As was mentionned in chapter 2, the trace 
element analysis of normal and malignant breast tissues has shown that the concentration 
of relatively high atomic elements such as, potassium, calcium, zinc, etc. is higher in the 
cancerous tissues than in the normal ones. In general, if the experimental results were to 
be compared to the radiological examination, the in vivo condition should be considered. 
In in vitro investigations , tissue specimens may lose some of their body fluids due to 
the sampling procedures. This changes the elemental composition of the biological tissues 
and hence the attenuation properties vary. The method that has been employed in this 
work to correct the linear attenuation values for the effect of the freeze drying process 
was approached by assuming that only water molecules were extracted but fluids removed 
during the tissue sampling were not considered.
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Chapter 5 
H y d r o p h i l i c  M a t e r i a l s
Hydrophilic materials are commonly referred to as "Hydrogels" whereas their 
scientific name is Cross-linked Hydrophilic Copolymers. Hydrogels are water-swollen 
polymers which have the ability to incorporate water into their structure without being 
dissolved in it. Copolymers of two types, specified as ED IS and ED4C, were used in this 
research. They are combinations of hydrophobic monomers (Methyl Methacrylate, MMA) 
and hydrophilic monomers (N-Vinylpyrrolidone, VP); chemical formulae are given in 
figure 5.1.
Similarity, in terms of photon attenuation properties, between hydrophilic 
copolymers and biological tissues, mainly breast tissues, is the essence of the potential of 
their use in radiology as tissue equivalent materials for phantom formation. At present, 
no work has been published in the literature that describes the attenuation aspects of this 
type of hydrophilic substances. During this project some associated work was also 
accomplished. In this research, we measured the linear attenuation coefficients of ED IS 
and ED4C, in various physical and chemical forms, after which we calculated their mass 
attenuation coefficients. In addition, we employed the results of the linear and the mass
- Methyl Methacrylate ( MMA ) - N—vinylpyrrolidone ( VP )
5.1 In t ro d u c t io n
Figure 5.1 - Chemical formulae of the two compounds that form the copolymer 
materials, ED IS and ED4C.
CH2 = C
,CH3
c o o c h 3
h 2 c  c h 2
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photon attenuation coefficients in a comparison with those of the real breast tissues in 
order to validate the suitability of the hydrophilic materials to simulate breast tissues (see 
chapter 7).
The photon attenuation properties of a material depend on its elemental 
composition and mass density. We calculated the fractions-by-weight of the elemental 
composition of the copolymer of the hydrophilic materials, along with water, by the use 
of the Mixture Rule, (see table 5.1). The chemical elements incorporated to form the 
hydrophilic copolymer structures are hydrogen, carbon, nitrogen and oxygen. These 
elements also form the major components of the elemental composition of the biological 
tissues. Despite the fact that there are some discrepancies, in terms of density and 
fraction-by-weight of the elemental composition, between hydrophilic materials and 
biological tissues, the differences between the two materials can be minimized by altering 
the physical and the chemical properties of the hydrophilic materials. We obtained the 
alterations in the physical and the chemical characteristics of the hydrophilic materials by 
changing their: (i) physical morphology (ii) pH value, (iii) hydration level and (iv) 
chemical composition. We measured the linear attenuation coefficients of the hydrophilic 
materials under dry and fully hydrated physical morphology states. The effects of the pH 
value on the attenuation properties of the hydrophilic materials were examined for pH 2, 
7 and 13 which correspond to acidic, neutral and alkaline environments, respectively. 
The investigations of various hydration levels introduce the concept of obtaining different 
fractions-by-weight of elements in the hydrophilic materials. The importance of obtaining 
a diversity in the values of fractions-by-weight is reflected in the possibility of using the 
same type of hydrophilic material but hydrated at different hydration levels in order to 
simulate a number of biological tissues as well as breast tissues of females from different 
age groups. We altered the chemical composition of the hydrophilic materials through 
the use of liquid absorbents other than water after which we employed them to simulate 
mammography phantoms.
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Table 5.1 - Elemental composition of VP, MMA, and water presented as fractions-by- 
weight.
Material Fractions-•by-weight (%)
H C N O
Hydrophilic ( VP ) 8.160 64.840 12.600 14.390
Hydrophobic (MMA) 8.050 60.000 — 32.000
Water 11.190 — — 88.810
5.2 Hydrophilic Polymers
5.2.1 Chemical and physical characteristics of hydrophilic 
substances
Hydrophilic substances are polymers consisting of cross-linked long-chain 
molecules and occupy an intermediate site between a solid and a liquid as a result of 
immersing them in a liquid medium [WEN93]. The amount of the liquid medium (water 
or water miscible material) that is absorbed by the polymer is quantitatively represented 
by the equilibrium water content (EWC). Equilibrium water content is given as the ratio 
of the weight of water in the polymer to the weight of the hydrophilic material at 
equilibrium hydration. EWC is expressed as
E W C  -  b r i g h t  o f  w a te r  a b s o rb e d  b y  c o p o ly m e r  x 
T o ta l w e ig h t  o f  w e t h y d ro p h il ic  m a te r ia l
Since hydrophilic material is formed of a mixture of hydrophilic (philic s  loving) 
and hydrophobic (phobic = hating), the molar ratio of these two monomers controls the 
EWC capacity of the formed final product. Properties of hydrophilic material depend on 
the ratio of the monomers. The EWC increases as the percentage of hydrophilic monomer 
in the copolymer increases. It determines the permeability, the mechanical properties, the 
surface area and other characteristics of the hydrophilic material. The permeation of 
hydrophilic substances by water is found to be achieved by both mechanisms; viscous 
flow (the molecules move in groups) and diffusive flow (molecules move individually in 
a random movement) [REF65].
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Water, as a liquid absorbed by polymers, resides in a continuum of states, between 
two extremes, within the structure of the polymer [COR87]. These are, bound and free 
states. The bound state represents water which is chemically attached to the hydrophilic 
substances through hydrogen bonding. The free water state occurs when water exists 
within the copolymer but is unconnected to its chemical network and hence it has a 
mobility trend. The ratio of the two states of water also affects the properties of the 
hydrophilic materials. When a dry sample of a hydrophilic material is immersed in water, 
the bound states will be occupied first and after they all become entirely saturated, free 
water will become available within the material and hence it becomes fully hydrated. In 
the fully hydrated situations the ratio of bound to free water in the hydrophilic material 
is about 50 : 50 at room temprature (25°C). In case of dehydrating the material in air, the 
free water diffuses out and evaporates leaving the bound water behind. The original dry 
condition of the material can be returned to, by evaporating the water in a vacuum oven 
for 24 hours at approximately 120-155 degrees Celsius [HIG94]. Furthermore, the ratio 
of free water to bound water has an influence on the density of the final formed 
hydrophilic specimen. Polymers associated with bound water have a higher density than 
that combined with free water.
The equilibrium liquid content of hydrophilic materials is affected by the pH value 
of the liquid, salt tonicity of the absorbent, and ambient temperature of the hydration 
process environment. The pH effect has been investigated in this project and the results 
are discussed in section 5.4. High salt tonicity decreases the equilibrium liquid content 
of the hydrophilic material. In the methacrylate polymers and copolymers, the 
hydrophobic bonding configuration is an endothermic process; when the temperature 
increases the formation of these bonds decreases and as a result EWC decreases [COR87]. 
However, copolymer response to temperature is subject to the type of hydrophobic 
monomers that are incorporated into the chemical structure of the copolymer.
Hydrophilic material ED IS is fabricated by a hydrophobic to hydrophilic ratio of 
1 : 3 and its EWC is 60% at room temperature, while the ratio that formed ED4C is 1 ; 
4 and its EWC is 72%. The chemical structure of the two polymers within the fashioned 
material is unknown [HIG94]. Obviously, linear expansion of both ED IS and ED4C
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materials takes place as a result of the hydration process. The increase in the linear 
dimensions of ED IS is in the ratio of 1 : 1.4 where it is 1 : 1.62 for ED4C. The rate of 
complete hydration is a function of the shape of the polymer sample, the molecular weight 
of the absorbed liquid and the ambient temperature. For the sample sizes used in this 
investigation rods having heights of up to 20 mm and diameters of 12 mm, full hydration 
equilibrium at room temperature was achieved in about 3 days. Densities of the samples, 
ED IS and ED4C, in their dry state were 1.2 g/cm3 and 1.234 g/cm3, respectively. The 
hydration process reduces the densities to 1.167 g/cm3 for ED IS and to 1.143 g/cm3 for 
ED4C. At the fully hydrated state, ED4C became softer than ED IS due to its larger 
EWC. Solid samples were supplied as rods, each sample was coated by a thin layer of 
siloxane and placed in a cylindrical polyethylene container whereas powdered materials 
were placed in air-tight plastic bags. This type of storage is required since the copolymers 
are very sensitive to water they can be easily affected by its existence in air. Solid 
samples were sized by the mechanical workshop staff at the University of Surrey where 
the thin film and the polyethylene container were removed and samples were cut to the 
required height.
5.2.2 Applications in medicine
The affinity for water gives the hydrophilic copolymers a distinctive property 
which in turn reinforces their practical utility. The first significant medical application 
of hydrophilic materials was in the field of ophthalmology as contact lenses due to their 
transparency and softness. Polyhydroxyethyl methacrylate (PHEMA) was introduced to 
the ophthalmic industry and then followed later by copolymers consisting of vinyl 
pyrrolidine and methacrylate [HIG75]. They are also used in surgery as implant 
materials such as artificial corneas and artificial liver support systems [GEB87]. 
Hydrophilic materials are used with the aid of other substances, such as 2- 
diethylaminoethyl (DEAE), as a temporary wound covering because they simulate the 
cell to grow and proliferate, mainly in the case of burns. Moreover, they act as an agent 
to maintain moisture to the wound site. Hydrophilic copolymers that are impregnated 
with silver nitrate are also effective against bacterial infection since bacterial infection and 
fluid loss developed after burns are considered as the main cause of death [GEB85].
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Hydrophilic materials are also employed as a medium to contain drugs and to control their 
release into the body.
5.3 Attenuation Properties of the Hydrophilic Materials
5.3.1 Solid and powder hydrophilic samples
In order to measure the linear attenuation coefficient of hydrophilic materials, we 
applied the Photon Transmission Tomography (PTT) technique. The gamma- and x-ray 
emitter americium source (Am-241, 7.4 GBq) was used. Transmission tomography scans 
were acquired at 59.5 keV. The experimental set up and scanning procedures were 
discribed in chapter 4. Since different sizes of samples were employed, a set of scanning 
parameters were used, each of which will be reported when the specific scan is 
mentionned. Samples of ED IS and ED4C in solid and powdered forms were scanned in 
two physical morphology states; dry and wet states. We also mixed them with some 
chemical solutions in order to mimic human body tissues. Moreover, we introduced solid 
tissue equivalent materials such as breast tissue substitute (BR12), and calcification 
substitute (Teflon) with the hydrophilic materials, as discussed in section 5.5.
Dry samples in the form of rods were cut into small sizes of 20.00+0.01 mm 
height for ED1S and 15.10+0.01 mm for ED4C, their original diameters were 12.00+0.01 
mm. Wet samples of heights and diameters similar to those of the dry samples were 
obtained by hydrating the hydrophilic materials in deionised water for about 5 days. We 
found that full hydration can be obtained in three days. ED IS expanded to a height of 
27.62+0.01 mm and to a diameter of 16.40+0.01 mm making an expansion ratio for each 
dimension of 1: 1.381+0.001 and 1:1.367+0.001, respectively, that was almost the 
expected linear expansion which is mentionned earlier in section 5.2.1. ED4C expanded 
to a height of 24.37+0.01 mm and to a diameter of 18.5+0.01 mm creating an expansion 
ratio of 1:1.614+0.001 and 1:1.542+0.001, respectively. Higher relative errors were 
observed in the ED4C expansion ratio measurements compared to that for ED IS, this is 
because the former material is softer than the latter. In general, wet samples were 
subjected to an easy compression during dimension measurements, using Vernier callipers, 
and that introduced a certain unmeasurable error. Hydrophilic materials were weighted,
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using a Precise 80A weighting scale, in both of their physical states; wet and dry. EWC 
for ED IS was 60.17±0.003% whereas 71.81±0.003% was obtained for ED4C. Dry 
samples were scanned bare while the wet ones were placed in sealed polyethylene 
containers in order to avoid the occurrence of dehydration, however small.
Powdered samples in dry form were placed in a polyethylene container of inner 
diameter of 12.4±0.01mm, wall thickness of l±0.01mm and a height of 10±0.01mm. Wet 
powdered samples were fully hydrated in large containers after which they were placed 
in smaller ones, of the same dimensions as those used for the dried samples. Scanning 
parameters and ROI sizes which were used for the hydrophilic samples examined in this 
section were the same as those that were chosen for the breast tissue specimens.
5.3.2. Results and Discussion
The experimental results of this study are given in terms of photon linear 
attenuation coefficients in table 5.2. Mass attenuation coefficients were calculated from 
the measured values of linear attenuation data, table 5.3. Accuracy in attaining the mass 
attenuation coefficients was presented relative to the calculated values of (i/p which were 
obtained by the XCOM software. Relative averaged accuracy was about 4% and the 
experimental error was found to be below 2%. Reconstructed images of ED1S and ED4C 
samples in their hydrated solid states are given along with the profiles of the middle 
projections, i.e. the middle row of each image, in figures 5.2 and 5.3. Dry samples 
showed perfect homogeneity while the powdered ones (figure 5.4) were inhomogeneous 
due to air gaps existing within the sample.
Fully hydrated samples of both ED IS and ED4C exhibited higher attenuation 
coefficients than the dried ones. The theoretical explanation of the hydration effect on 
the attenuation aspects of the hydrophilic copolymers are given in section 5.3.4. All 
ED IS samples demonstrated linear and mass attenuation coefficients higher than those of 
ED4C except the wet powdered sample which showed a lower value. This discrepancy 
could be because of the large noise, 24%, that was associated with the image due to the 
existence of air within the sample. The noise that was identified with the other samples
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was in the range of 4-7%. We compared the linear attenuation coefficient findings of 
both ED IS and ED4C to Farquharson’s work [FAR93] and the average differences were 
found to be about 2.4%.
We calculated the total mass attenuation coefficient of both ED IS and ED4C at 
a range of energies 10-200 keV, figures 5.5 and 5.6. The calculated results showed that 
the mass attenuation coefficents for the hydrated ED IS and ED4C were constantly higher 
than the dry ones across the energy range. The hydrated ED IS exhibited linear 
attenuation cefficients higher than those for the dry ED IS in the energy range 10-94 keV. 
Above 94 keV the relationship between dry and hydrated ED IS in terms of the linear 
attenuation coefficient was reversed. The linear attenuation coefficients for the hydrated 
ED4C were higher than those of the dry ED4C in the energy range 10-50- keV. The 
relationship between the dry and hydrated ED4C in terms of the linear attenuation 
coefficient was reversed above 50 keV. Mass attenuation properties of dry samples of 
both of the materials are almost the same at each energy. Since both of the materials had 
the same densities and consisted of almost the same elements in the same fractions, these 
findings were expected especially when the limitations of the XCOM software (discussed 
in section 5.3.4) are considered. The fully hydrated samples showed some differences 
between ED IS and ED4C. This reflects the dissimilarity in EWC values for each type 
of the hydrophilic materials which enhances the differences in their elemental composition 
and their electron densities. The calculated mass attenuation data of ED IS and ED4C, 
in dry and fully hydrated states, at the above mentionned photon energy range are given 
in Appendix-5. Elemental composition and mass electron densities data of dry and wet 
hydrophilic materials are given in section 5.3.4.
Figures 5.7 and 5.8 show the calculated partial mass attenuation coefficients, using 
XCOM software, for the ED4C in dry and wet states at the above mentionned photon 
energy range. Insignificant differences between the behaviour of the ED IS and ED4C 
were observed and therefore only the ED4C data are presented. At an energy of 59.5 
keV, incoherent (Compton) scattering predominates compared to both photoelectric 
absorption and coherent scattering. The attenuation characteristics of dry samples verify 
that photoelectric absorption and coherent scattering are comparable at about 50 keV
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Table 5.2 - Linear attenuation coefficients of hydrophilic materials at 59.5 keV.
Sample Sample State Measured 
\x Error 
cm'1 %
Measured 
p Error 
g/cm'3 %
ED1S Dry - Solid rod 0.229 1.35 1.200 0.90
ED1S Wet - Solid rod 0.236 1.70 1.167 0.65
ED4C Dry - Solid rod 0.224 1.00 1.234 0.95
ED4C Wet - Solid rod 0.212 1.10 1.143 0.60
ED IS Dry - Powdered 0.142 1.00 0.731 0.60
ED1S Wet - Powdered 0.168 4.10 0.810 0.70
ED4C Dry - Powdered 0.140 1.00 0.764 0.65
ED4C Wet - Powdered 0.189 1.10 0.871 0.70
Table 5.3 - Mass attenuation coefficients of hydrophilic materials at 59.5 keV.
Sample Sample State Measured 
ji/p Error 
cm2/g %
Calculated
P/P
cm2/g
Relative
Accuracy
%
ED IS Dry - Solid rod 0.191 1.10 0.192 0.50
ED1S Wet - Solid rod 0.202 1.46 0.201 0.20
ED4C Dry - Solid rod 0.181 0.80 0.192 5.70
ED4C Wet - Solid rod 0.185 1.00 0.202 8.40
ED1S Dry - Powdered 0.194 1.40 0.192 1.00
ED1S Wet - Powdered 0.208 5.70 0.201 3.50
ED4C Dry - Powdered 0.183 1.30 0.192 4.70
ED4C Wet - Powdered 0.217 1.30 0.202 7.40
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Pixel No.
Figure 5.2 - Reconstructed image of solid ED IS sample in wet state and its centre 
projection profile.
Pixel No.
Figure 5.3 - Reconstructed image of solid ED4C sample in wet state and its centre 
projection profile.
108
(a)
Pixel no.
(b)
Figure 5.4 - Reconstructed image of wet powdered sample of ED4C showing the 
inhomogeneity due to the air gaps (a) and its centre projection profile (b).
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Figure 5.5 - The calculated values (XCOM) of the total linear and mass attenuation 
coefficients of ED IS in dry and hydrated states versus photon energy.
Figure 5.6 - The calculated values (XCOM) of the total linear and mass attenuation 
coefficients of ED4C in dry and hydrated states versus photon energy.
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Figure 5.7 - Calculated values (XCOM) of the partial mass attenuation 
coefficients for dry ED4C.
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Figure 5.8 - Calculated values (XCOM) of the partial mass attenuation 
coefficients for wet ED4C.
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whereas for the wet samples this analogous occurs at about 59.50 keV.
5.3.3 Hydration level effect
The hydrophilic materials have been manufactured to approximately accommodate, 
through the full hydration process, a bound to free water ratio of 50 : 50 which leads to 
a 100% hydration level. Controlling the amount of water that is absorbed by the 
hydrophilic materials can enhance the bound water, relative to free water, and thus hydrate 
the material to the desired hydration level. Therefore, we selected various hydration 
levels for both ED IS and ED4C, in powdered forms, in order to investigate their effect 
on the hydrophilic materials in terms of elemental composition, electron mass density, 
average atomic number and linear and mass photon attenuation coefficients. The electron 
mass density Ng is given by eq. (3.4) whereas the average atomic number is expressed as
Zuk A
z av =  k-  (5.2)
v  w*
Lfk A A k
where for k!h element of the mixture, wk is the fraction-by-weight, Zk is the atomic number 
and Ak is the atomic weight [WOQ82]. Mass attenuation coefficients at the selected 
hydration level were compared to those obtained by calculation through the XCOM 
software.
The hydration levels were determined on the basis of the chosen EWC values for 
each of the hydrophilic materials. The amounts of deionised water that were needed to 
achieve the desired hydration levels were calculated by the use of eq.(5.1) where the 
weights of the dry powdered samples were predetermined. The hydration levels were as 
follows:
- For ED1S; 100%, 83.333%, 66.667%, 50%, 33.333%, and 16.667%.
- For ED4C; 100%, 83.333%, 69.444%, 55.556%, 41.667%, 27.778% and 13.89%. 
these correspond to an EWC range of 60-10% for ED IS and of 72-10% for ED4C, with 
increment intervals of 10% except for the first value of ED4C where it was 12%. The 
calculated weight of water was added to the predetermined amount of the powdered
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sample. They were left for four days, to ensure complete absorption of the water, during 
which they were stirred frequently. The samples were then ready for scanning. Samples 
were placed in a polyethylene container, height 67.00+0.01 mm and inner diameter of 
16.00+0.01 mm. The heights of the samples, in the container, were measured by a 
travelling microscope. Although the samples were compressed manually by a plastic 
spatula in the container in order to reduce the air that exists within, the images were 
highly inhomogeneous with high noise levels. Moreover, some parts of the sample stuck 
to the container walls and also the sample surface was not thoroughly flat. These factors 
introduced some error into the height measurements which cannot be quantitatively 
identified. Tomographic scanner settings were as follows: 40 second scanning time per 
raysum, 15 raysums, 20 projections and 9 degree angular intervals. Each scan lasted for 
about 3.33 hours.
The hydration process alters the elemental composition of hydrophilic materials, 
in respect to their fractions-by-weight, this was analyzed quantitatively at the selected 
hydration levels. We calculated the fractions-by-weight of elements in ED IS, ED4C and 
water using equation (3.5). Electron mass densities and average atomic numbers of both 
ED1S and ED4C were calculated at each hydration level. A region of interest (ROI) with 
a matrix size of 5x 4, that makes 20 pixels, was selected for each image to estimate the 
average linear photon attenuation coefficient of the sample under investigation. This 
relatively large area of ROI was chosen because sample images exhibited inhomogeneity 
due to the existence of air voids which could not be avoided.
5.3.4 Results and Discussion
The elemental composition of both ED IS and ED4C altered due to the hydration 
process where, noticeably, the relative amounts of hydrogen and oxygen increased while 
those of carbon and nitrogen decreased (see tables 5.5-5.8). Electron mass density 
increases, due to the hydration process, from dry state to the fully hydrated one. It 
changes by a factor of 7% for ED IS and 8.6% for ED4C. The average atomic number 
of the hydrated samples decreases significantly compared to the original value in their dry 
states. The reduction in the average atomic number due to the fully hydrated condition
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was found to be of the order of 15.6% and 15.8% for ED1S and ED4C, respectively. 
Calculated results of the mass electron densities and average atomic numbers are shown 
in tables 5.7 and 5.8.
Attenuation coefficient data for the hydrated samples, in powdered state, are 
presented in tables 5.9 and 5.10. Both hydrophilic materials exhibited a tendency of 
increasing their attenuation properties when the hydration level increases, as illustrated 
in the linear fitting approach of the experimental findings (see figure 5.9). However, there 
is a fluctuation in the raw experimental data which may be related to the accuracy 
limitation of the system. The averaged accuracy in measureing the mass attenuation 
coefficient using the tomographic system was found to be 3%, as it has been mentionned 
in chapter 4. This accuracy is low as far as the differences in the calculated mass 
attenuation coefficients between the various hydration levels of the powdered samples are 
concerned. The differences in the calculated values of the dry and the fully hydrated 
materials were found to be about 0.9% and 1% for ED IS and ED4C, respectively.
The hydration procedures increase the probability of each partial interaction 
process. Therefore, our results showed higher attenuation values for the hydrated samples 
compared to those of the dried ones. The photoelectric and coherent scattering 
interactions increase due to the increase in the effective atomic numbers which 
characterize each process. We calculated the effective atomic numbers of ED1S and 
ED4C in dry and hydrated states for each partial interaction process using equations (3.10) 
and (3.11), data are given in table 5.11. The exponents m (=4.67 at 60 keV) and n ( = 
2 .59-2.65 at 60 keV, we used the average value in our calculations) were esimated by 
White [WHI77]2. The hydration process increases the hydrogen content in the hydrophilic 
materials which in turn increases the ratio Z/A and as a consequence the probability of 
Compton scattering increases.
Calculated findings, using XCOM, show that both types of the hydrophilic 
substances possess the same value of mass attenuation coefficient at each hydration level 
(table 5.12). These calculated results reflect the limitations of the XCOM software in 
differentiating between ED IS and ED4C. The XCOM software calculations are partially
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based on the “Mixture Rule" which itself has limitations since it ignores changes in the 
atomic wave function resulting from changes in the molecular, chemical, or crystalline 
environment of an atom [MCC75]. Errors from this approximation are considered to be 
generally less than a few percent for photon energies above 10 keV and less than 2% at 
1 keV or more away from an absorption edge [JAC81]. The limitation of the XCOM 
calculations are pronounced here because both of these hydrophilic materials are having, 
in their dry state, subtle differences in their elemental composition.
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Figure 5.9 - Mass attenuation coefficient of powdered hydrophilic materials at various 
levels of EWC.
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Table 5.5 - Fractions-by-weight of the elemental composition of dry ED IS and of water 
that was required to achieve the desired hydration level.
EWC
(%)
Fractions-by-weight of dry ED IS elements 
(%)
H C N O
Fractions-by-weight 
of water elements 
(%)
H O
0 8.133 63.630 9.450 18.793 — —
10 7.320 57.267 8.505 16.914 1.119 8.881
20 6.506 50.904 7.560 15.034 2.238 17.762
30 5.693 44.541 6.615 13.155 3.357 26.643
40 4.880 38.178 5.670 11.276 4.476 35.524
50 4.067 31.815 4.725 9.397 5.595 44.405
60 3.253 25.452 3.780 7.517 6.714 53.286
Table 5.6 - Fractions-by-weight of the elemental composition of dry ED4C and of water 
that was required to achieve the desired hydration level.
EWC Fractions-by-■weight of dry ED4C elements Fractions-by-weight
(%) (%) of water elements
H C N O (%)
H O
0 8.140 63.872 10.080 17.912 — —
10 7.326 57.485 9.072 16.121 1.119 8.881
20 6.512 51.098 8.064 14.330 2.238 17.762
30 5.698 44.710 7.056 12.538 3.357 26.643
40 4.884 38.323 6.048 10.747 4.476 35.524
50 4.070 31.936 5.040 8.956 5.595 44.405
60 3.256 25.549 4.032 7.165 6.714 53.286
72 2.279 17.884 2.822 5.015 8.057 63.943
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Table 5.7 - Elemental composition, electron mass densities and average Z of wet ED IS 
calculated at various hydration levels.
EWC
(%)
Electron 
mass 
density 
(e/g) x 1023
Average
atomic
number
(Zav)
Fractions-by-weight of wet ED IS elements
(%)
H C N O
0 3.224 3.537 — — — —
10 3.236 3.514 8.439 57.267 8.505 25.795
20 3.248 3.494 8.744 50.904 7.560 32.796
30 3.259 3.467 9.050 44.541 6.615 39.798
40 3.270 3.447 9.356 38.178 5.670 46.800
50 3.282 3.424 9.662 31.815 4.725 53.802
60 3.294 3.381 9.967 25.432 3.780 60.803
Table 5.8 - Elemental composition, electron mass densities and average Z of wet ED4C 
calculated at various hydration levels.
EWC
(%)
Electron
mass
density
(e/g)xl023
Average
atomic
number
( Z av)
Fractions-by-weight of wet ED4C elements
(%)
H C N O
0 3.221 3.535 — — — —
10 3.234 3.512 8.672 57.485 9.072 25.002
20 3.248 3.485 8.995 51.098 8.064 32.092
30 3.257 3.465 9.269 44.710 7.056 39.181
40 3.269 3.443 9.544 38.323 6.048 46.271
50 3.281 3.420 9.818 31.936 5.040 53.361
60 3.292 3.400 10.092 25.549 4.032 60.451
72 3.307 3.377 10.422 17.884 2.822 68.958
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Table 5.9 - Attenuation data at 59.5 keV of powdered ED IS measured at different 
hydration levels.
EWC
(%)
Linear attenuation 
coefficient 
( j l ) Error 
cm'1 (%)
Density
p Error 
g/cm3 (%)
Mass attenuation 
coefficient 
( jl / p ) Error 
cm2 /g (%)
0 0.142 1.00 0.731 0.60 0.194 1.40
10 0.100 1.10 0.544 0.30 0.184 2.00
20 0.135 0.90 0.702 0.40 0.192 1.30
30 0.137 0.87 0.730 0.40 0.188 1.10
40 0.145 1.60 0.788 0.50 0.184 2.00
50 0.163 1.28 0.886 0.50 0.184 1.50
60 0.168 4.07 0.810 0.70 0.208 5.70
Table 5.10 - Attenuation data at 59.5 keV of powdered ED4C measured at different 
hydration levels.
EWC
(%)
Linear attenuation 
coefficient 
( j l ) Error 
cm'1 (%)
Density
p Error 
g/cm3 (%)
Mass attenuation 
coefficient j 
( jll / p ) Error 
cm2 /g (%)
0 0.140 1.00 0.764 0.65 0.183 1.30
20 0.123 1.65 0.686 0.40 0.179 2.50
30 0.119 1.20 0.689 0.40 0.174 1.70
40 0.149 1.30 0.888 0.50 0.168 1.50
50 0.150 1.70 0.843 0.50 0.178 2.00
60 0.124 2.60 0.671 0.40 0.185 3.90
72 0.189 1.10 0.871 0.70 0.217 1.30
118
Table 5.11 - Calculated effective atomic numbers of dry and wet hydrophilic materials 
and water.
Material Effective atomic number 
for photoelectric effect 
interaction ( Z )
Effective atomic number 
for coherent scattering 
interaction ( Z )
ED IS - Dry 6.345 5.943
ED1S - Wet 7.117 6.623
ED4C - Dry 6.330 5.934
ED4C - Wet 7.226 6.714
Water 7.520 7.041 '
Table 5.12 - Mass attenuation coefficient data calculated at a range of hydration levels 
using XCOM software.
EWC
(%)
Mass attenuation coefficient 
(cm2/ g) of ED1S
Mass attenuation coefficient 
(cm2 / g) of ED4C
0 0.192 0.192
10 0.193 0.193
20 0.195 0.195
30 0.196 0.196
40 0.198 0.198
50 0.199 0.199
60 0.201 0.201
72 — 0.202
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The effect of pH in terms of altering the equiblrium water content (EWC) of 
hydrophilic materials was investigated at room temperature. The pH value of three 
samples of deionised water, each of a volume of 120 ml and pH 6.6±0.2, was changed 
to three unbuffered chemical environments, pH 2±0.2 (Acidic), pH 7+0.2 (Neutral), and 
pH 13+0.2 (Alkaline). The acidic water was obtained by adding 165 pi (1M) of 
hydrochloride (HC1) to the deionised water, a concentration of 6.015 x 10‘3 g of HC1 in 
the mixture was established. The neutral water was obtained by mixing 5 pi (1 M) 
solution of sodium hydroxide (NaOH) to the deionised water. A concentration of 2 x IO"4 
g of NaOH in the mixture was formed. The alkaline medium was obtained by adding 
17.9 ml (1 M) solution of NaOH, a concentration of 0.716 g of NaOH was acquired. 
Then, hydrophilic materials ED IS and ED4C in solid rod forms were immersed separately 
into each of these pH environments. ED IS and ED4C samples, hydrated by pure 
deionised water, were used as control samples. The EWC values and linear expansion of 
the samples were measured at intervals of four days up to 28 days and a final reading was 
taken after a 10 days interval making the period of the study extend to 38 days. The 
stability of the pH value was observed through the study and it was found to be constant. 
Since large containers were used the scanning parameters were; 19 ray sums, 20 
projections, 9° angular spacings, and 40 seconds counting time for each raysum.
5.4.1 Results and Discussion
The pH effect on liquid uptake are given in tables 5.13-5.20 and the EWC as a 
function of time for each pH environment is presented in figures 5.10 and 5.11. In neutral 
and acidic regions, swelling was very rapid, reaching the original equilibrium water 
content of both ED IS and ED4C by day four and remaining almost stable during the 
study period. At alkaline pH 13, swelling was slower but it was continuously increasing 
with time and it exhibited over-swelling in both ED IS and ED4C where EWC values 
reached 70.872+0.002% and 80.078+0.001%, respectively. The expansion in EWC at 
each time interval was slightly larger in ED IS compare to that in ED4C. Readings of day 
16 showed a lower values which might be due to the increase in the ambient temperature 
generated by the freeze dryer that is present in the same room and was operating that day.
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The findings related to neutral and alkaline regions agree with the results of Moor 
et al [M0091]. They studied pH-sensitivity of hydrophilic copolymers consisting of 
methyl methacrylate (MMA) and N, N-dimethylaminoethyl methacrylamide (DM A A) at 
25* C and 37* C for 200 days. They found that increasing alkalinity increases swelling 
of the hydrophilic materials. Moreover, it has been concluded by Corkhill et al that 
alkaline effects lead to a marked increase in the ratio of free to bound water, which in 
turn increases the EWC value of the hydrophilic materials [COR87].
We measured the photon linear attenuation coefficients, using a ROI of matrix size 
of 5 x 4 on the reconstructed tomographic images, and consequently the mass attenuation 
coefficient was calculated for the alkaline samples. The results are given in table 5.21. 
Attenuation data of ED IS show an increasing response for the first three measurements 
after which they start to alter. ED4C shows a fluctuation all through the study and the 
scan that was preformed at day 16 was subject to a large amount of photon scattering 
which could be due to error in positioning the sample. Since there is no consistent effect, 
in terms of the attenuation response of both ED IS and ED4C to an alkaline medium 
which may be due to the limited level of accuracy of the system, the average values of 
jl and ji/p over the whole measurements may give an indication of that effect. The 
average values are; for ED IS ji= 0.213±0.003 cm'1 , ji/p= 0.179±0.003 cm2/g while for 
ED4C |1= 0.211±0.004 cm'1, p/p= 0.168±0.004 cm2/g (excluding the reading consisting 
significant photon scattering). ED IS exhibited larger linear and mass photon attenuation 
coefficients compared to those for ED4C. However, both demonstrate lower values when 
they are compared to their hydration condition using pure deionised water, which was not 
expected because the hydration process increases the attenuation properties of the 
hydrophilic materials, as has been explained in section 5.3.4.
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Table 5.13 - ED IS hydrated by acidic water, pH 2.
Hydration
period
(Days)
Diameter 
± 0.001 
(cm)
Height
±0.001
(cm)
Sample 
weight 
± 2.9 * 10'3
(g)
Absorbed
h 2o
weight (g) 
±7 * 10'3
EWC
±0.002
( % )
4 1.670 1.385 3.596 2.100 58.381 1
8 1.675 1.390 3.661 2.165 59.120
12 1.685 1.380 3.682 2.185 59.347
16 1.725 1.380 3.573 2,076 58.110
20 1.725 1.885 3.656 2.179 59.277
24 1.690 1.410 3.650 2.153 58.988
28 1.690 1.485 3.665 2.168 59.155 |
38 1.695 1.380 3.604 2.107 58.467
Table 5.14 - ED IS hydrated by neutral water, pH 7.
Hydration
period
(Days)
Diameter 
± 0.001 
(cm)
Height
±0.001
(cm)
Sample 
weight 
± 2.9 *10‘3 
(g)
Absorbed
h 2o
weight (g) 
±7 * 10’3
EWC
±0.002
( % )
4 1.700 1.350 3.562 2.100 58.389
8 1.6.95 1.355 3.652 2.169 59.410
12 1.690 1.370 3.671 2.189 59.625
16 1.710 1.375 3.566 2.084 58.435
20 1.650 1.880 3.666 2.184 59.572
24 1.730 1.385 3.642 2.160 59.305
28 1.680 1.415 3.655 2.173 59.453
38 1.612 1.365 3.591 2.108 58.720
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Table 5.15 - ED IS hydrated by alkaline water, pH 13.
Hydration
period
(Days)
Diameter 
± 0.001 
(cm)
Height
±0.001
(cm)
Sample 
weight 
± 2.9 *10‘3 
(g)
Absorbed
h 2o
weight
(g)
±7 * 10'3
EWC
( % )
4 1.600 1.290 3.087 1.582 51.252±0.003
8 1.670 1.375 3.713 2.209 59.480+0.002
12 1.710 1.415 4.089 2.584 63.200+0.002
16 1.765 1.455 4.302 2.797 65.024+0.002
20 1.895 1.500 4.635 3.130 67.533+0.002
24 1.800 1.525 4.793 3.289 68.623+0.002
28 1.860 1.515 4.940 3.435 69.540+0.002
38 1.865 1.530 5.166 3.661 70.872+0.002
Table 5.16 - ED IS hydrated by pure water, pH 6.
Hydration
period
(Days)
Diameter 
± 0.001 
(cm)
Height
±0.001
(cm)
Sample 
weight 
±2.9 *10'3 
(g)
Absorbed
h 2o
weight (g) 
±7 * 10‘3
EWC
±0.002
( % )
4 1.665 1.370 3.575 2.084 58.293
8 1.620 1.395 3.659 2.168 59.260
12 1.665 1.385 3.685 2.194 59.534
16 1.680 1.380 3.577 2.086 58.314
20 1.685 1.390 3.678 2.187 59.461
24 1.625 1.395 3.654 2.163 59.199
28 1.685 1.485 3.664 2.173 59.303
38 1.660 1.390 3.601 2.110 58.959
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Table 5.17 - ED4C sample hydrated by acidic water, pH 2.
Hydration
period
(Days)
Diameter
±0.001
(cm)
Height
±0.001
(cm)
Sample 
weight 
±2.9 *10'3 
(g)
Absorbed
h 2o
weight (g) 
±3 * IO"4
EWC
±0.002
( % )
4 1.860 1.555 5.210 3.715 71.301
8 1.970 1.600 5.506 4.010 72.840
12 1.880 1.595 5.533 4.038 72.978
16 1.930 1.580 5.355 3.860 72.077
20 1.965 1.565 5.517 4.022 72.900
24 1.960 1.580 5.471 3.975 72.668
28 1.975 1.585 5.488 3.993 72.754
38 1.890 1.550 5.373 3.878 72.172
Table 5.18 - ED4C sample hydrated by neutral water, pH 7.
Hydration
period
(Days)
Diameter 
± 0.001 
(cm)
Height
±0.001
(cm)
Sample 
weight 
±2.9 *10'3 
(g)
Absorbed
h 2o
weight (g) 
±7 * 10'3
EWC 
± 0.002
( % )
4 1.905 1.515 5.190 3.698 71,253
8 1.975 1.580 5.496 4.004 72.860
12 1.920 1.580 5.522 4.030 72.982
16 1.930 1.550 5.345 3.853 72.085
20 1.990 1.550 5.510 4.018 72.922
24 1.945 1.545 5.457 3.965 72.659
28 1.950 1.585 5.476 3.984 72.754
38 1.955 1.555 5.360 3.868 72.167
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Table 5.19 - ED4C sample hydrated by alkaline water, pH 13.
Hydration
period
(Days)
Diameter 
± 0.001 
(cm)
Height
±0.001
(cm)
Sample 
weight 
±2.9 *10'3 
(g)
Absorbed
h 2o
weight (g) 
±7 * 10'3
EWC
( % )
4 1.825 1.420 4.157 2.661 64.024±0.002
8 1.895 1.535 5.390 3.895 72.260±0.002
12 1.940 1.615 6.145 4.649 75.663±0.001
16 1.980 1.630 6.561 5.066 77.209+0.001
20 2.035 1.700 7.255 5.760 79.388±0.001
24 2.155 1.725 7.591 6.095 80.300±0.001
28 2.160 1.735 7.880 6.385 81.023±0.001
38 2.130 1.735 8.350 6.853 82.078±0.001
Table 5.20 - ED4C sample hydrated by pure water, pH 6.
Hydration
period
(Days)
Diameter 
± 0.001 
(cm)
Height
±0.001
(cm)
Sample 
weight 
2 .9 *10‘3 
(g)
Absorbed
h 2o
weight (g) 
±7 * 10'3
EWC
±0.002
( % )
4 1.945 1.565 5.213 3.707 71.100
8 1.965 1.565 5.520 4.014 72.710
12 1.875 1.560 5.548 4.042 72.846
16 1.970 1.535 5.367 3.861 71.929
20 1.925 1.575 5.529 4.022 72.751
24 1.955 1.580 5.480 3.973 72.506
28 1.980 1.590 5.503 3.996 72.622
38 1.865 1.550 5.385 3.881 72.037
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Time intervals (Days)
Figure 5.10 - pH effect on hydrophilic material, ED1S.
Time intervals (Days)
Figure 5.11 - pH effect on hydrophilic material, ED4C.
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Table 5.21 - Linear and mass attenuation coefficients, at 59.50 keV, of solid ED1S and
ED4C in an alkaline region (pH 13).
Time
(days)
Linear attenuation coefficient 
(cm'1)
ED IS ED4C
Mass attenuation coefficient 
(cm2/g)
ED IS ED4C
12 0.212±0.001 0.21110.002 0.16910.001 0.16410.002
16 0.215±0.001 0.17810.001 0.17810.001 0.13610.001
20 0.2181.0002 0.21010.002 0.19910.002 0.16010.002
24 0.21010.002 0.21310.002 0.17110.002 0.17710.002
28 0,21210.002 0.21110.001 0.17710.002 0.17010,001
5.5 Hydrophilic and Tissue Substitute Materials
In this work, we simulated the radiation interactions in the body, in terms of linear 
and mass photon attenuation coefficients, through structures of tissue substitute materials 
which are considered as phantoms. An attempt to fulfil the radiation related requirement 
for breast tissue composition, rather than the shape of the breast organ, is considered in 
developing a phantom. This section describes two approaches of investigating the validity 
of hydrophilic copolymers as tissue substitute materials for phantom construction. The 
first was to develop homogeneous phantoms (reference or standard phantoms) where 
hydrophilic materials hydrated by liquid solvents were used. The second approach was 
to form body phantoms where solid tissue substitute materials were embedded in 
hydrophilic materials.
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We employed a colloidal infusion solution for human plasma substitution known 
as Haemaccel® or Polygeline, in order to hydrate both ED IS and ED4C in their solid and 
powdered states. We also used glycerol (C3H80 3) to hydrate solid and powdered samples 
of the hydrophilic materials in order to mimic fatty tissues. In addition, copper sulphate 
(CuS0 45H20), in solution form, was used to hydrate solid hydrophilic copolymers of types 
ED IS and ED4C. Solid samples, hydrated by Haemaccel® and by copper sulphate, were 
part of a project (M.Sc. Medical Physics degree course) which we completed last summer 
at the University of Surrey [HAT94]. Haemaccel® is a polypeptide manufactured from 
bovine gelatin and it is supplied as a gelatin solution mixed with water. Haemaccel® is 
used clinically as a blood replacement agent in haemorrhage, pancreatitis and in 
emergencies for bums and crash injuries. It alone can replace losses of up to 25% of the 
blood volume. The Haemaccel® formation diagram is given in figure 5.12 and its 
elemental composition (other than H, C, N and O) is presented in table 5.22.
According to the Haemaccel® storage requirements, the solid samples of the 
hydrophilic materials were hydrated at a freezing temperature of about 5° C whereas 
samples used in this study and employed to absorb liquids other than Haemaccel® were 
hydrated at room temperature. Images of these samples were acquired using 19 raysums, 
28 projections, angular spacings of 6.4° and counting time of 40 seconds for each 
raysum. Copper sulphate solution was employed at three different concentrations in order 
to examine the effect of that on liquid uptake capacity and the attenuation characteristics 
of the hydrophilic materials. They were; 0.561M which was about the saturation limit of 
CuS04 , 0.280M and 0.140M. Scanning conditions were the same as those used in 
forming Haemaccel® images.
The ability of the hydrophilic materials to incorporate a certain amount of liquids 
in their structure and the elastic characteristics that they acquire after being hydrated made 
them suitable for packing. We made use of the absorption and elasticity properties of the 
powdered hydrophilic materials to form a packing volume of tissue substitute materials. 
The powdered forms of ED IS and ED4C were fully hydrated by Haemaccel® for about
5.5.1 Liquids as tissue substitute materials
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11 days in large polyethylene containers of inner diameter 23+0.01 mm and height 
75+0.01 mm. Then, they were scanned under two packing volume conditions. The first 
condition was while the hydrated hydrophilic materials were in a loose existence within 
the Haemaccel® solution, the same containers were used. In this condition which we 
named as interstitial packing, the Haemaccel® solution was sited in the hydrophilic 
material structure as a bound solvent and in between the hydrated granules. In the second 
which we called bound packing, the hydrophilic materials were moved to smaller 
containers, each of inner diameter 17.69+0.01 mm and height 28.92+0,01 mm, where they 
were pressed manually using a plastic spatula into the container to reduce the air gaps 
within the sample and an interstitial Haemaccel® solution did not exist because filter 
papers were used to remove any moisture from the surface of the samples. Image data 
were collected using 19 raysums, 25 projections, angular spacings of 7° and each raysum 
was acquired for 40s. The dry samples of ED IS and ED4C in the powdered states were 
also presented as interstitial packing using glycerol as voids filling liquid. Images of the 
glycerol packing were reconstructed while the samples were placed in polyethylene 
containers, diameter 18.78 ± 0.01 mm and average height of 24.15 ± 0.01 mm. Scanning 
parameters were 17 raysums, 20 projections, 9° angular spacings and 40s collecting time 
for each raysum. The chemical properties of glycerol are given in Appendix-4.
Table 5.22 - Trace elements of Haemaccel® (Polygeline).
Haemaccel (Polygeline) mmol, per gram
Cations
Na+ 4.143
K+ 0.146
Ca++ 0.179
Anions
c r 4.143
P4"" and S04. " traces
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Figure 5.12 - Chemical formation of Haemaccel.
5.5.2 Results and Discussion
We found that the maximum Haemaccel® solution uptake, observed daily for solid 
forms of ED IS and ED4C during a period of 18 days, can be achieved in about 12 days. 
The Haemaccel® uptake limit was greater than the maximum value of the EWC of each 
type of the hydrophilic materials employed in this project. It was about 62.7% for ED IS 
(EWC=60%) and about 76.7% for ED4C (EWC=72%). Comparing Haemaccel® with 
that of the water, we can deduce that this effect is probably due the ambient temperature 
of the hydration process. Furthermore, salt tonicity could have an effect, but this was 
not investigated further. Since the pH value of Haemaccel® is 7.310.3 which is close to 
that of the deionised water used, pH 6.610.2, the pH effect was not considered a factor 
for the over swelling.
CuS04 solution uptake for all the concentration levels was compared, on about 
the sixth day of the hydration process, and it was found that it decreased as the
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concentration increased, table 5.23. Since the highest concentration solution was taken 
up least, far below the EWC value of both ED IS and ED4C, it was chosen for further 
investigations. This was carried out, together with the Haemaccel®, in the M.Sc. project. 
It was verified that hydrophilic materials exhibited lower CuS04 (0.561M) uptake 
compared to EWC values. The uptake was found to be about 50.7% for ED IS and 63.6% 
for ED4C. These maxium values were achieved after, approximately, 11 days of 
continuous hydration.
Linear photon attenuation coefficient results of solid ED IS and ED4C hydrated by 
Haemaccel® and copper sulphate are given in table 5.24, the matrix size of the ROI was 
5 x 4 .  Measured and calculated, using XCOM software, mass photon attenuation 
coefficients are presented in table 5.25. Samples hydrated by Haemaccel® exhibit 
attenuation properties similar to those hydrated by water. This in fact is not surprising 
since the attenuation coefficient of Haemaccel® is very close to that of water. Copper 
sulphate solutions exhibited high attenuation properties and they became higher as the 
concentration of the solvent increased. They generally exhibited higher attenuation 
properties when they were examined alone compared to the case where they were 
combined with the solid hydrophilic materials through the hydration process, as expected.
An interesting result was found when powderd hydrophilic materials, hydrated by 
Haemaccel®, were analyzed under the two previously mentionned conditions. In the case 
of introducing excess amount of Haemaccel® solution, the interstitial packing condition, 
within the hydrated powder materials (i.e hydrated by Haemaccel®), the mass attenuation 
values were increased compared to those of the bound packing condition. Results of the 
powdered materials hydrated by glycerol and Haemaccel® are given in table 5.26. 
Powdered samples hydrated by glycerol show attenuation properties almost similar to that 
of dry powdered hydrophilic copolymers samples. We noticed that hydrophilic materials 
absorb glycerol with very slow absorption rate. The glycerol solution only penetrates a 
depth of about 2 mm of the hydrophilic material, diameter of 12 mm, in a period of time 
of about 3 months.
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Table 5.23- Copper sulphate uptake at day six of the hydration process.
Sample and CuS04 
concentration level
Hieght 
±0.01 (mm)
Expansion Ratio 
±0.001
Liquid Uptake 
(%)
ED1S
Low 13.2 1.35 55.75
Medium 12.8 1.32 53.08
High 12.5 1.27 46.18
ED4C
Low 15.8 1.53 71.33
Medium 14.9 1.48 68.13
High 13.8 1.36 58.70
Table 5.24 - Linear photon attenuation coefficients of solid hydrophilic materials, which
may mimics biological tissues, measured at 59.5 keV.
Sample Linear atten. coeff. 
p. (cm'1) Error (%)
Density 
p (g/cm3) Error (%)
Haemaccel 0.208 1.10 1.003 tabulated
ED IS + Haemaccel 0.215 1 . 0 0 1.080 0.005
ED4C + Haemaccel 0.211 1.50 1.140 0.005
CuS04 (0.140M) 0.220 1.20 1.020 tabulated
CuS04 (0.260M) 0.239 1.00 1.041 ti
CuS04 (0.56IM) 0.323 1.30 1.082 tt
ED1S + CuS04 (0.140M) 0.223 1.10 1.151 0.006
ED1S + CuS04 (0.260M) 0.223 1 . 0 0 1.155 0.006
ED1S + CuS04 (0.561M) 0.223 1 . 0 0 1.097 0.006
ED4C + CuS04(0.140M) 0.219 1 . 0 0 1.095 0.005
ED4C + CuS04(0.260M) 0.226 1 . 0 0 1.157 0.005
ED4C + CuSO4(0.561M) 0.231 1.30 1.123 0.006
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Table 5.25 - Mass photon attenuation coefficients of solid hydrophilic materials, which 
may mimic biological tissues.
Sample Measured mass 
attenuation coefficient 
p/p (cm2/g) Error (%)
Calculated (XCOM) 
mass attenuation 
coefficient p/p (cm2/g)
Haemaccel 0.207 1.10 0.208
ED IS + Haemaccel 0.199 0.90 0.201
ED4C + Haemaccel 0.185 1.00 0.203
CuS04 (0.140M) 0.216 1.10 0.220
CuS04 (0.260M) 0.230 1.00 0.234
CuS04 (0.561M) 0.300 1.20 0.260
ED1S + CuS04 (0.140M) 0.194 1.40 0.230
ED1S + CuS04 (0.260M) 0.193 0.90 0.228
ED1S + CuS04 (0.561M) 0.203 0.90 0.232
ED4C + CuS04(0.140M) 0.200 0.90 0.241
ED4C + CuS04(0.260M) 0.195 0.90 0.239
ED4C + CuSO4(0.561M) 0.206 1.10 0.232
Table 5.26 - The results of the powdered samples.
Sample Lineai* atten. coeff. 
p Error 
(cm'1) (%)
Density 
p Error 
(g/cm3) (%)
Mass atten. coeff. 
p/p Error 
(cm2/g) (%)
ED IS + Glycerol 0.205 2.40 1.096 0.53 0.187 2.20 j
ED4C + Glycerol 0.228 1.15 1,197 0.60 0.191 1.00
ED IS + Haemaccel 
(Interstitial)
0.211 0.01 0.878 0.35 0.240 1.25
ED4C + Haemaccel 
(Interstitial)
0.216 0.02 0.905 0.40 0.239 1.66
ED IS + Haemaccel 
(Bound)
0.201 1.30 0.940 0.65 0.214 1.40
ED4C + Haemaccel 
(Bound)
0.185 2.40 0.889 0.62 0.208 2.70
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5.5.3 Solid tissue substitute materials
Hydrophilic materials consisting of liquid absorbent, within their chemical 
structures and which were employed in the previous investigations, were utilized as bulk 
materials in which solid test objects were embedded. Water, Haemaccel® and copper 
sulphate were used as liquids to hydrate ED4C. Three holes of 4 mm diameter were 
created in each of the hydrated samples in order to plug two of them with solid tissue 
substitute materials while the third hole was left empty to represent air. The tissue 
substitute materials were Epoxy-resin ( known as BR12, chemical and physical properties 
are given in Appendix-4) and Teflon ( Cy^, density of 2.2 g/cm3). The BR12 rod height 
was about 25 mm and the Teflon rod was about 15 mm. Samples were placed in a 
polyethylene container, height 26.52+0.01 mm and diameter 24.80+0.01 mm, to ensure 
the air tight requirements. In order to resolve these holes the system spatial resolution had 
to be improved. Therefore, the detector collimator was changed to one that had an 
aperture of a diameter of 1 mm and thus images were reconstructed in 1 mm x 1mm pixel 
size. This small size of collimator aperture along with the introduction of dense solid 
materials into the samples scanned reduced the count rate dramatically, to about 22 counts 
per second. The requirements of minimizing the statistical error demands a count of about 
3000 for each raysum. Scanning parameters were 31 raysums, each raysum was acquired 
for 150s, 20 projections and 9° angular spacings. According to the scanning parameters 
chosen, each phantom was scanned for about 27 hours.
5.5.4 Results and Discussion
The phantom reconstructed images are displayed as a relative grey scale in figures
5.13, 5.16, and 5.18. The black area represents the attenuation of photons through air 
around the container while the outer grey ring of pixels indicate to that passed through 
the container walls. The space between the phantom material and the container walls, 
occupied by air, is shown in the image as a black ring of pixels.
Images of the teflon rod as a calcification tissue substitute and those of the air 
hole created in the phantoms to mimic lung tissue were resolved on the reconstructed 
images. However, they were not reconstructed as perfect and sharp cross section images.
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That was due to the partial volume effect which is a result of averaging the linear photon 
attenuation coefficient of the sample in a volume that represents materials which are 
different in their attenuation responses to the incident photons. The partial volume effect 
introduces uncertainty in evaluating the averaged linear attenuation coefficient of the 
samples within the phantom materials. However, a diameter of 4mm was selected in 
order to enable obtaining a linear photon attenuation reading, averaged over the desired 
tissue substitute material, by applying a ROI of a matrix size of lx  2 pixels. Limitations 
of space hamper the choice of attaining larger sizes of tissue substitute materials which 
in turn introduce limits on the accuracy of the results. Breast tissue substitute (BR12), 
as a rod within the bulk material of the phantoms, was not resolved on the reconstructed 
images. That was due to the slight differences in their attenuation properties which can 
not be distinguished by this tomographic scanning system. Moreover, display and printing 
systems have an impact on the spatial resolution of the images which cannot be controlled 
by the operator. Despite the limitation in the quality of the reconstructed images, which 
resulted in not resolving the BR12 materials, the quantitative data (table 5.27) show 
significant distinction levels in the linear attenuation values between all the materials 
forming the phantoms. Ideally, the linear photon attenuation coefficients of the material 
of each test object should be the same regardless the type of the bulk materials. However, 
due to the limitations in the imaging system our results show some variations of order of 
about 1%, 6% and 1.5% in the readings of BR12, teflon and air, respectively.
Each of the three dimentional representations of the reconstructed images (figures
5.14, 5.17 & 5.19) shows the highest linear photon attenuation coefficient, which 
corresponds to teflon, as distinctive high peaks among the low ones. The air and the 
BR12 peaks are not distingushed due to the dimensions of the display. The histograms 
in figure 5.15 represent rows across the reconstructed image of phantom ED4C hydrated 
with water. The position of the selected row was chosen to display the magnitude of the 
linear attenuation of each test object relative to that of the bulk material.
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Table 5.27 - The measured linear photon attenuation coefficients of the phantom materials.
Bulk material
(homogeneous
phantom)
BR12 
|i (cm'1)
Teflon 
|± (cm*1)
Air
|i (cm'1)
Bulk material 
p. (cm1)
ED4C + H20 0.194+0.015 0.391+0.011 -0.002+0.002 0.221+0.015
ED4C + 
Haemaccel
0.183+0.017 0.373+0.016 -0.002+0.001 0.215+0.003
ED4C
+CuS04
0.197+0.005 0.460+0.028 -0.025+0.005 0.247+0.015
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Figure 5.13 - Reconstructed image of phantom ED4C hydrated with water representing
the linear photon attenuation coefficient distribution.
Figure 5.14 - Three dimensional diagram of the above reconstructed image.
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Figure 5.15 - Histogram of rows that include the linear attenuation profile of Teflon, Air, 
and BR12 of phantom ED4C hydrated with water.
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Figure 5.16 - Reconstructed image of phantom ED4C hydrated with Haemaccel® 
representing the linear photon attenuation coefficient distribution.
Figure 5.17 - Three dimensional representation of the above reconstructed image.
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Figure 5.18 - Reconstruction image of phantom ED4C hydrated with CuS04 representing
the linear photon attenuation coefficient distribution.
Figure 5.19 - Three dimensional representation o f  the above reconstructed image.
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5.6 C o n c lu s io ns
Similarity in the elemental composition of the hydrophilic substances and the 
major elements of the biological tissues (H, C, N and O) confirms the potential use of 
the hydrophilic copolymers as tissue equivalent materials for phantom formations. The 
elemental composition of the hydrophilic substances differ only in the magnitude of each 
element, i.e. in the fractions-by-weight, and the lack of the trace elements compared to 
that of the biological tissues. The fractions-by-weight of each element can be altered by 
controlling the hydration level whereas the trace elements can be simulated within the 
structure of the hydrophilic materials through the use of absorbents different than water 
such as Haemaccel® and copper sulphate.
The findings of the studies performed in this chapter indicate that altering the 
physical and the chemical properties, i.e. physical morphology, hydration level, pH value, 
density and chemical composition, of the hydrophilic materials can provide a range of 
linear and mass photon attenuation coefficients. Consequently, the variations, in respect 
to photon attenuation characteristics, between hydrophilic materials and biological tissues 
can be minimized in order to employ these materials as tissue substitutes to mimic a range 
of tissue types.
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Chapter 6 
C o m p t o n  S c a t t e r i n g  D e n s i t o m e t r y
6.1 Introduction
A. H. Compton, the American physicist, observed in 1920 that when 
electromagnetic radiation interacts with matter, a sort of radiation of different frequency 
was present in all directions. He named this new radiation Compton scattered radiation. 
Scattered radiations are classified into two types: Compton (incoherent or inelastic) 
scattering and Rayleigh (coherent, elastic or Thomson when it involves a free electron) 
scattering. One of the main differences between the two types of scattering radiation is 
that the former scattered photons deflect with a loss of energy whereas the latter maintain 
their original photon energy. For the diagnostic energy range, 15-150 keV, scattered 
radiation predominates for the majority of the human body tissues and its usefulness has 
been investigated by numerous researchers [HOL83] [JOH83] [C0085].
In radiodiagnostic and radiotherapy applications, scattered radiation of both types 
are generally considered as unwanted phenomena which create severe problems. In 
radiology, the patient’s body deflects the x-ray beam in all directions causing a 
degradation to the image quality by reducing the image contrast and signal-to-noise ratio. 
Furthermore, the patient’s body, parts of the x-ray system (such as the couch and the 
image receptor unit) and the dimensions of the imaging room contribute some radiation 
exposure to the radiology staff during diagnostic procedures. In radiotherapy applications, 
the contribution of the scattered radiation increases the penumbra of the radiotherapy 
beam which results in delivering unnecessary radiation doses to the patient. However, in 
the mid-fifties, the useful applications of the scattered radiation were realised which 
opened a wide area of medical and industrial researchs in order to investigate the 
characterization of tissues, organs, liquids and materials [ODE55] [SPE95]. Scattering 
techniques are in general based on analysing the angular position, the intensity and the 
shape of the scattered photopeaks.
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Since the scattered radiation travels in all directions, the region of scatter can be 
divided into three regions: forward, middle and back. In the forward direction (< 12°) 
coherent scattering is predominant. Above a scattering angle of 12°, the probability of 
coherent scatter becomes small compared to that of Compton scattering. The most well 
established technique of coherent scattering is " x-ray diffraction The x-ray diffraction 
method is based on Bragg’s law which provides analytical information about the internal 
structure of a material through the interference phenomena of x-ray beams scattered from 
the crystal arrangement of the atoms [LUG94]. Determining the stincture of the DNA is 
the well known application of x-ray diffraction in medicine and other related sciences. 
Small-angle radiation scattering profile has been applied for breast tissue and tissue 
substitute materials by Evans and co-workers at the Royal Marsden Hospital [EVA91]. 
The middle scattering angle range (13°-90°) is often employed for the coherent to 
Compton scattering ratio technique which is based on estimating the area under each of 
the scattering photopeaks. In vivo and in vitro measurements of the probability of 
coherent to Compton scattering ratios have been employed to evaluate the average atomic 
number of biological and non-biological materials [HOL84] [TAR92] [SPE95]. The 
choice of the angle for the ratio method is highly governed by the probability of each of 
the scattering types and the energy resolution of the measurement system which is an 
important parameter in distinguishing the two peaks. Back scattering radiation which is 
solely Compton scattered (scattering angle > 90° to 180°) has not been fully exploited for 
medical applications and it is still under investigation [MAC95]. However, it has been 
extensively employed in industrial fields, for imaging and analysis purposes, mainly when 
the material under investigations is part of a large structure and only radiation access from 
one side is permissible [HOL84],
Compton scattering has been used as a tissue characterization method for imaging 
and diagnosis purposes [WEB81], It covers two domains known as Compton scattering 
densitometry (CSD) and Compton profile analysis. The former utilizes the differential 
cross-section for Compton scatter as a parameter in order to obtain the electron density 
of the scatterer whereas the latter looks to the energy bordering of the scattered photons 
which reflects the momentum distribution of the electrons in the scatterer [MAC90] 
[TAR91] [SPE91]. The CSD method has been applied extensively as a diagnostic tool
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for diseases such as bone osteoporosis and lung oedema and also for liver and kidney 
lithology analysis. The CSD technique has neither been used for characterization of breast 
tissues nor for tissue substitute analysis for formation of human body phantoms. The 
medical applications of the Compton profile are not fully utilized [HOL83] [TAR92] 
[SPE95].
Several procedures of CSD have been practised for biological tissues 
characterization these are: single-source low energy (Olkkonen and Kaijalainen) [OLK75], 
dual-source low energy (Kennett and Webber) [KEN76], dual-source high energy (Clarke 
and Van Dyk, Webber and Kennett and Hazan et al) [CLA73] [WEB76] [HAZ77] and 
tomography (Harding and Kosanetzky) [HAR85] [HAR87]. We used the photon energy 
of 59.50 keV of Am-241 in order to accomplish the aim of characterising both breast 
tissue samples (tumour, adipose and glandular tissues) and cross-linked hydrophilic 
copolymers materials (known as ED IS and ED4C) in terms of their electron densities. 
We measured the electron densities of these samples and materials by making use of the 
fact that the number of Compton scattered photons depends upon the electron density of 
the scattering material. In this chapter we demonstrated the theory of the CSD and the 
experimental procedures and findings with respect to the breast tissue samples and the 
hydrophilic materials.
6.2 Theory
In theory, Compton scattering takes place when a beam of photons strikes an 
effectively free and at rest electron. However, in reality this occurs when the atomic 
binding of the struck electron is small compared with the energy Ej of the incident 
photons. As a result of the collision process, the electron recoils at an angle ri with 
kinetic energy Ek and the photon deflects at a scattering angle 0 with energy E2 , known 
as the Compton energy, and expressed as
E2 =    (6.1)
[ 1 +(E 1/m c 2) (l-cos0) ]
where me2 is the rest mass energy of an electron (0.511 MeV), and 0 is the scattering
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angle (see figure 6.1).
If narrow beam geometry is adopted and a detector is placed at a certain angle 
from a radiation source, as shown in figure 6.2, in order to detect photons deflected by 
an object, the number of the scattered photons detected can be used to estimate the 
electron density of the object. At a certain scattering angle, the overlap of the fields of 
view of both the source collimator and the detector collimator creates a volume known 
as the intersection volume. When a sample is placed at that intersection volume, the part 
of the sample under study is defined as the sensitive volume. The sensitive volume is 
considered as a source of radiation for the detector. In the CSD theory, the intersection 
and sensitive volumes are considered the same when the narrow beam geometry is 
applied. The number of detected photons, measured at an angle 0 after they are scattered 
incoherently by the sensitive volume is given as
N  (Q) = N  n  V  ——  — (6*2)
n v d a
where N  is the initial number of photons in the beam that are incident on unit area of the 
sample, n is the number of atoms per unit volume of the scatterer, V is the sensitive 
volume and d<Jatncoh(Q)/dQ. is the atomic differential cross-section of Compton scattering 
process which is formulated as
d°70hm  do?®) (6.3)
da da q
where S(q,Z) is the incoherent scattering function, q is the momentum transfer and Z : 
the atomic number of the scatterer. The parameter dcseKN(Q)/ dQ. is the Klein-Nishir 
differential cross-section per electron given by
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daf(6)  = -  [ S L f  2 [ l/7+y-sxn2e ] 
2 m e 2
(6.4)
where e2/ me2 is the classical electron radius and Y = 1 /  [1+ (E v I me2) (1 - cos 0)] 
where El is the incident photon energy.
At high photon energies, where the binding energy of the electron becomes 
insignificant, electrons will be effectively free (impulse approximation) and S(q,Z)
considered to be equal to Z. Thus, equation (6.2) can be cast into
i KN
N scJ O )  -  N, (n-Z) V  <«>
where n . Z = pe ; the electron density per unit volume (the number of electrons per unit 
volume). For a particular size of the sensitive volume and at a certain scattered photon 
energy, equation (6.5) can be written as
Nscat(0) - K  Pe (6.6)
where K  is a constant. The constant K  can be estimated experimentally by using a 
reference material and, as a consequence, the electron density will be obtained relative to 
that material. The reference material is usually water because its density is known, its 
photon interaction properties are similar to those of the body soft tissues and it is readily 
available. The electron density is also given as
(>e=NA P j  (6‘7)
where NA is Avogadro’s number, p is the mass or physical density and A is the mass 
number. Since the ratio of the atomic number to the mass number Z/A is approximately 
the same for all elements («0.555) except for the hydrogen atom where it is equal to 1, 
the CSD technique can be employed to estimate the physical density of a material.
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Compton photon
Figure 6.1 - Compton scattering interaction.
Figure 6.2 - Narrow beam geometry showing the formation of the sensitive volume.
147
In medical practice, the CSD technique is usually used for studying an embedded 
region of interest, such as bone, surrounded by tissues. Hence, the measurements of the 
intensity of Compton scattered photons is not a linear function of the density, as depicted 
by equation (6.6), due to the attenuation processes. The number of photons emitted by 
the source are attenuated, by the surrounding tissues, before they reach the sensitive 
volume and the number of photons scattered from the sensitive volume also experience 
attenuation before they reach the detector. Thus, a correction for these attenuations should 
be introduced. The available correction procedures involve obtaining two transmission 
and two scattering measurements. The linear attenuation coefficient ji. of the sample for 
both the transmitted and the scattered photons are assumed to be equal. This requirement 
necessitates the equality in their photon energies which leads to employing two sources 
and as a consequence two detectors. Figure 6.3 and the following theoretical 
interpretations of the scattering and transmission processes show how the measurement 
of the electron density of an object, consisting of substance 2 and surrounded by substance 
1, can be obtained independently of the attenuation effects of the surrounding materials.
The first scattering measurement Nj, obtained from source-1 and detector-1 
combination, can be expressed as
Nj = C 1 N a exp ( -\Lxa  ) K  pe exp ( - \ i zd  ) (6.8)
where C} is the efficiency of the detector-1, N is the initial number of photons emitted 
from source-1, \it and are the linear attenuation coefficients for the incident and the 
scattered photons, respectively, K is the constant mentionned in equation (6.6), and a and 
d are the travelling paths of the photon beams as shown in figure 6.3-a. The first 
transmission measurements can be obtained from source-1 and detector-2 combination as 
follows:
N 2 = C2 N o exp [ -pj ( a  + c ) ] (6.9)
where C2 is the efficiency of detector-2 and c is the photons’ travelling path (figure 6.3- 
a). The second transmission measurements are given as
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iVj = C x N 0 exp [ - \i2 ( b  + d ) ] (6.10)
where N ' is the initial number of photons emitted from source-2 and d is the photons’ 
travelling path (figure 6.3-a). The second scattering measurement needs to be taken after 
moving the object through a rotation angle of 180°, as shown in figure 6.3-b, which yields 
the following reading obtained by source-1 and detector-1 combination:
By combining the four readings and considering that in the scattering and 
transmission measurements are equal, the electron density can be depicted as
where the constant A [i.e. (C2N /  )1/2 / K (Q N J172 ] can be replaced by measurements 
performed on a water sample, which is considered as a standard material. Thus, the 
electron density of the object, evaluated relatively to water, can be given as
where w and s refer to water and sample, respectively.
For low photon energies ( «  0.511 MeV) and small scattering angle, the shift in 
the energy, i.e the Compton energy given by equation (6.1), can be neglected. Thus, the 
energies of the incident and scattered photons can be considered as almost equal. For 
example; when Ej = 59.50 keV and 0 = 40° E ^  58 keV, this difference can be tolerated 
for small values of the linear attenuation coefficients [DUK84]. In such a situation, a 
single photon source- which moves between two source locations- can be used to obtain 
both the scattering and the transmission measurements. In addition, one detector 
configuration instead of the two can be used which is preferable since it reduces the 
systematic errors.
= C x N a exp [ - \x l c  ] K  pe exp [ -p2 b  ] .
(6.12)
(6.13)
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( b )
Sensitive volume (substance 2).
Figure 6.3 - Source-detector configurations for the attenuation correction procedures ( S 
and D indicate source and detector, respectively).
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6.3 Factors Affecting Accuracy in the CSD Technique
The theory of Compton scattering densitometry (CSD) is based on an assumption 
which states that the intersection volume formed by the source and the detector 
collimators fields of view creates an infinitesimal volume from which single scattered 
photons are generated (figure 6.2). This assumption is related to the narrow beam 
geometry requirements which are difficult to be maintained in practice. Due to the 
divergence in the collimators fields of view, which is the broad geometry, the sensitive 
volume has significant dimensions (figure 6.4). The finite geometry creates a situation 
where the transmitted and the scattered beams are travelling along different paths- for 
example the scattered paths b and d in eq. (6.8) and (6.11) are not equal to the 
transmitted ones in eq. (6.10). Each of these paths, shown in figure 6.3, are assumed to 
be a single path which passes through the central axis of each collimator. However, in 
reality the finite geometry produces several paths (figure 6.4) and thus the influence of 
the attenuation process is not completely cancelled. Moreover, the geometries of the field 
of view of the scattered and transmitted beams are not identical. The former is formed 
by the overlap of the collimated beam and the field of view of the detector whereas the 
latter is produced only by the field of view of the detector as shown in figure 6.4. The 
result of this effect is that the volume of an object which is involved in the scattering 
measurements differs (it is larger due to the penumbra effect) than that for the 
transmission measurements which has the same impact on the attenuation correction 
procedures as the finite geometry [CLA73] [KEN76]. These consequences of the 
theoretical assumption are considered as limiting aspects in applying the technique in 
practice. Thus, the accuracy of attaining the electron density is partially estimated by the 
degree of meeting these assumptions in reality.
Since the scattering flux in Compton scattering experiments is usually low, the 
statistical error is the most significant factor that may influence the performance of the 
technique. Furthermore, the Compton scatter peak is the main feature in the collected 
gamma ray spectrum from which the number of the scattered photons is estimated. Thus, 
discriminating it from the background and from the coherent scattered peak is essential. 
Hence, scattering angle, detector type and source are the main parameters that need to be
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considered. Beside these boundaries, there are several interrelated parameters, illustrated 
in figure 6.5, which affect the results of the CSD technique. This will be discussed in the 
following subsections.
S o u rce  a t  p o s itio n - 2
Source at position -1
I I I I ! Collimators 
Detector field of veiw.
Source field of veiw (for the scattering measurements). 
Source field of veiw (for the transmission measurements). 
Penumbra effect 
Sensitive volume
T ra n s m itte d  a n d  s c a tte re d  p a th s .
S c a tte re d  b e a m  
(second  p a th )
Sample
/
Figure 6.4 - A diagram of the CSD technique showing the effects of the broad beam 
geometry (source position-1 and -2 are for the scattering and transmission measurements, 
respectively).
Figure 6.5 - The accuracy interrelated parameters in the CSD technique.
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6.3.1 Source and Detector
Monoenergetic radiation sources should be used in the densitometry scattering 
technique because the attenuation properties of matter are energy dependent. However, 
their photon flux is low, relative to the polyenergetic beams from x-ray generators, and 
thus require longer counting times.
The discrimination between Compton and coherent scattered peaks can be 
controlled by the selection of the scattering angle. In order to differentiate these two 
peaks a detector of high energy resolution less than the energy gap between the two peaks 
should be used. High purity germanium was the detector of choice since it has high 
energy resolution as has been mentionned in chapter 4.
6.3.2 Scattering angle
The choice of scattering angle affects the shape and size of the intersection 
volume, as shown in figure 6.6. Small spatial resolution is required to minimize multiple 
scattering to a single scattering ratio, to reduce the errors of the finite and of non-identical 
geometries and to avoid any density variation in the sample. On the other hand, the 
spatial resolution should be large enough to produce scattered photons that can satisfy the 
statistical counting precision criterion within a reasonable counting time. Thus, a 
compromise is always reached.
Multiple scattering produces photons scattered through paths different than the 
single ones included in the measurements (i.e. the b and d paths shown in figure 6.3) as 
presented in figure 6.7. Thus, they introduce some significant errors which cannot be 
eliminated mathematically [DUK84]. The errors generated by the multiple scattering are 
in a range of 5-10% whereas those produced by the finite and non-identical geometries 
are about 1-2% [HUD79]. All of these sources of errors increases the measured electron 
density compared to the expected value. The multiple scattering phenomena are geometry 
dependent and also a function of the size and density of the sample under study [LEI80]. 
Several researchers employed Monte Carlo simulation methods in order to evaluate 
multiple scattering while others investigated it through empirical correction techniques
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such as the use of auxiliary detectors to estimate its magnitude [BAT78] [DUK84] 
[M 0095].
The contribution of multiple scattering, in the total number of the scattered 
photons, increases for large and dense objects. Detectors of high energy resolution help 
in reducing the effect of multiple scattering. In addition, the multiple scattering effect can 
be minimized by reducing the size of sensitive volume and that can be achieved 
practically by careful choice of collimation, the set-up dimensions and the sample 
thickness. The collimation contribution in controlling the multiple scattering quantity is 
through the specifications of the detector and source collimators (i.e. the collimators’ 
aperture and aperture length). A small sensitive volume can be obtained by a small 
collimator aperture and large aperture length. The effect of the collimator aperture is 
shown in figure 6.8 by the Dr S2 and D2-S5 combinations whereas that of the aperture 
length is illustrated by D,-Sj and D2-S3. Large detector-sample and source-sample 
distances increase the size of the sensitive volume, as shown in figure 6.8 D2-S3, D2-S4and 
D2-S5 combinations, and decrease the detected number of photons. However, the increase 
in the size of the sensitive volume elevates the number of the scattered photons but at the 
same time it contaminates the scattering measurements by multiple scattered photons. 
Moreover, thick samples degrade the sensitivity of the technique by increasing photons 
produced through the multiple scattering process [LEI80]. Since radiation isotope sources 
are characterized by low photon flux relative to the monoenergetic ones, a large collimator 
aperture is needed in order to achieve the required statistical counting precision in a 
relatively short time.
The broad beam geometry produces angular blurring. The angular blurring occurs 
when the detector collects photons scattered at a range of scattering angles rather than the 
chosen one for the CSD. Due to Compton shift phenomena, these photons are of a range 
of energies. The Compton energy of photons detected at 90° is calculated (using eq.6.1) 
to be 53.33 keV. In practice, the photons collected by a detector placed at 90° receives 
photons higher and lower than the 53.33 keV; this depends on the angle of the detector 
collimator field of view. This angle blurring effect increases as the collimator aperture 
increases in size. The fluctuations in the scattered photopeak counts, shown in the raw
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scattering spectrum (figure 6.9), are partially a result of the angular blurring effect.
Figure 6.6 - The intersection volume formed at different scattering angles showing the 
variations in its shape and size.
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Single scattered
Detector
M ulitple scattered \ 
Transmitted beam \
Sensitive volume 
Intersection volume
Collimators
Source
Figure 6.7 - Diagram showing the effect of the intersection volume on the contribution 
of multiple scattering.
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Figure 6.8 - An illustration of the effect of the collimators specifications of the detector
(D) and source (S).
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Figure 6.9 - Scattering spectrum collected for water sample at scattering angle o f  90 
degrees (raw data).
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The physical quantity that we are interested in is not measured directly but it is 
a function of several different measurements made in the experiment. Therefore, we must 
observe that the accuracy of the final result depends upon the errors associated with the 
values of these quantities. In nuclear measurements, this complies with the error 
propagation formula [KNO8 8 ] which is given as,
o f  =  (3 u /3 x ) 2 o f  +  (3 u /3 y )2 oy2 +  (3 u /3 z ) 2 o f  + . . . .  ( 6 . 1 4 )
where, u is a function in x,y,z, etc.
The experimental measurements of the relative electron density are obtained by 
equation (6.13). By applying the error propagation formula to equation (6.13) we may 
obtain the following:
aV r)=  [9p(e.r) /dN(wt) ]2 o2N(wt) + [9p(e.r) /3N(ws)]2 g2N(ws) 
+ [3p(e.r) /3N(ss)]2 o 2N(ss) + [3p(e.r)/d N(st)]2 c?N(m (6.1S)
where p(e.ij = per and N(ss) and N(ws) are the scattering measurements for sample and 
water, respectively, whereas N(st) and N(wt) are their transmission measurements. 
According to counting statistics analysis, = N(wt), o2^ )  = N(ws), and c /N(ss) =
N(ss), N(st). Thus, by performing the differential functions given in equation
(6.15), we may estimate the propagated error as
o2P(,r) = 1/4 [ N(wt) / N(ws) ] [ N(ss) I  N(st) ] { [ 1/N(wt) ] +
[ 1/N(ws) ] + [ 1/N(st) ] + [ 1/N(ss) ] }. (6.16)
The above mathematical relation indicates that the statistical error in measuring 
the relative electron density of a sample depends upon the ratio between scattering and 
transmission measurements for both the sample and the reference material and on the 
number of scattered and transmitted photons. The error in the measured relative electron 
density can be minimized when the scattering and the transmission measurements ratios 
are set to unity. This in fact can be achieved by obeying the assumption related to the
6.3.3 Statistical Error Analysis
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choice of the reference material. Thus, in order to reduce the impact of the scattering and 
transmission ratios on the uncertainty, a similarity in terms of the photon interaction 
properties between reference material and the sample under study should be maintained. 
The implicit ingredients, here, are the difference in the atomic to mass number ratio and 
the physical density between the two materials. Equation (6.16) confirms that the 
increases in the number of the transmission and scattering counts improves the accuracy 
of the CSD results. This finding agrees with what has been stated by other researches 
such as Huddleston and Bhaduri [HUD79] and Duke and Hanson [DUK84]. The 
transmission flux is almost about six orders of magnitude higher than the scattered one 
[DUK84], Therefore, the measurement time for the scattering photons is usually longer 
than that for transmitted photons. Furthermore, the dead time in the latter measurements 
is high compared to that of the scattering readings which is considered insignificant.
6.4 The CSD Experimental Set-up
The main components of the CSD experimental set-up are the scanner, the 
radiation source, detector, multi channel analyzer (MCA) and associated electronics. The 
scattering scanner comprised a radiation source holder and a sample holder, both were 
mounted on a thick aluminum base. A scale of 360 degrees was placed round the base 
of the sample holder to help in determining the angle between the source and the detector. 
The source holder was connected to the centre through a brass joiner, which had an 
opening at the middle so as to allow the selected angle to be read, in order to enable 
movement of the source to the required position. The detector remained fixed. The 
source and the detector used were the same as those used in the photon transmission 
tomography measurements, see chapter 4. The detector was linked to the BBC micro­
computer through an electronic circuit which includes the multi channel analyzer, 
Canberra 40, for acquisition and display of the collected spectrum; the set-up is illustrated 
in figures 6.10 (side view) and 6.11 (top view).
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( I’crspcx )
/
Scale of 360 degrees.
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Source
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---- Sensitive volume dimensions
projected on the container in the 
y-axis direction.
Figure 6.10 - The experimental set-up showing the y-axis dimensions of the sensitive 
volume (side view).
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►V Source I
 Collimated photons beam.
  Collimator field of view of the detector.
Slit type collimators ( 8mm * 2mm ).
■* » Sensitive volume dimensions in the x-axis.■ «
Figure 6.11 - The experimental configuration showing the x-axis dimensions of the 
sensitive volume (top view).
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Energy calibration: The system was calibrated for energy response using the 
americium-241 variable source, manufactured by Amersham International. The source 
consists of a primary source of 370 MBq (10 mCi) of Am-241. It is used to produce 
characteristic x-rays through the interaction of photons with six different metal filters. 
The filters are fixed into a rotary holder which allows each filter to be presented, at a 
time, between the primary source of Am-241 and the emission aperture. The source 
configuration and the energy calibration curve are given in Appendix-3.
Scattering angle: As mentionned earlier, the scattering angle has an impact on the 
dimensions of the sensitive volume and consequently on the photon scattering fraction. 
We experimentally evaluated the photon fraction that is scattered by the Compton 
mechanism for a range of scattering angles between 40 and 100 degrees. A de-ionized 
water sample was used as the scattering material. It was placed in a polyethylene 
container similar to that used in photon transmission tomography measurements, chapter 
4 (this type of container was used for all the samples tested by the Compton scattering 
technique). The radiation source and the detector were collimated by bore type 
collimators. The length of the source collimator was 10 mm and the diameter was 2 mm 
whereas for the detector collimator the dimensions were 50 mm and 3 mm, respectively. 
The sample was positioned between the detector and the source at equal distances; they 
were set at about 56 mm from the collimators’ face to the sample centre. The spectrum 
of each scattering angle was collected for about 24 hours. The scattered photons were 
displayed as a spectrum on the multi channel analyzer screen. The spectrum of each 
sample was stored in a file on a diskette and then it was transferred through the Kermit 
system to the Physics Department computing network which is run by the HP-Unix 
system. Due to the differences between the formatting system of the BBC micro­
computer and the HP-Unix systems, the data were reformatted through software which 
was written by the computing staff in the department for that purpose. A package known 
as Origin was used to obtain a Gaussian fitting [YAN92].
6.4.1 The CSD system performance
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System accuracy: The accuracy of the system was examined by estimating the 
electron densities of a number of chemical compounds and comparing them with 
calculated ones. The chemical and physical properties of these compounds are given in 
Appendix-4. The distances of the sample-detector and sample-source were set to a 
minimum in order to reduce the size of the sensitive volume which has an impact on the 
system accuracy as discussed in section 6.3. The distances that were set for the scattering 
angle investigations were found to be adequate to maintain this requirement. Since the 
height of the sealed container was 10.25 mm, the collimator specifications- for both the 
source and the detector- should be chosen so that their intersection would produce a 
sensitive volume that does not extend beyond the container height as shown in figure 6.10. 
We used slit type collimators, 8 mm (in the x-axis) x 2 mm (in the y-axis), so that the 
scattering fraction can be enhanced and, on the other hand, the measurements time can 
be reduced to 12 hours. We selected the shorter dimension of the collimator aperture to 
be in the y-axis direction, rather than the x-axis direction, to avoid collecting photons 
scattered from the sample holder. As shown in figures 6.10 and 6.11, the sensitive 
volume covers the container which includes the sample and air in and out the container. 
We did not take the transmission measurements into account because no transmission 
measurements were needed since the photon attenuation through air is negligible. We 
used the single-source low energy method of the CSD technique and the standard material 
used was water. We calculated the dimensions of the sensitive volume by considering the 
degree of diversity that occurred in the collimators’ fields of view and projected on the 
container. We found that the spatial resolution for the system was about 1 cm3 which is 
within the value that has been recommended by several researchers [CLA73] [LEI80] 
[DUK84].
We selected a region of interest (ROI) on the Compton scattering photopeak in 
order to estimate the area under the peak. It represented the total sum of the counts, i.e. 
number of photons detected, that form the Compton scattering peak excluding the 
background counts which were estimated by the trapezoid area underlying the FWTM of 
the peak (the method of the background counts calculations is given in chapter 4). The 
detection limit principle which was used in chapter 4 in order to determine the location 
of ROI could not be applied neither for the raw spectra nor for the fitted ones. That was
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due to the continuous fluctuation in the peak of the former and the uniformity in the peak 
shape of the latter as shown in figures 6.9 and 6.13, respectively. The SAMPO software 
code, which is a gamma spectrum analysis program [KOS81] was used but it gave 
negative values for the Compton scattering peak area which is not accepted. Therefore, 
we followed the ROI method which is based on the standard deviation. It states that the 
limits of the ROI can be estimated to correspond to three standard deviations either side 
of the centroid channel of the peak under investigation [MOS88]. We tested the three 
standard deviations option and found that the size of the ROI did not adequately cover the 
Compton scattering peak; it was almost at a location corresponding to the FWHM rather 
than the FWTM. This could be because of the low counting statistics of scattered spectra, 
compared to the transmitted ones, which broaded the scattered photopeak and thus 
degraded the energy resolution of the system. Therefore, we tested a range of values 
using the calibration samples (the chemical compounds) and we found that the smallest 
error was associated with a five standard deviations value.
Since no attenuation corrections were needed, the electron density (p) can be 
obtained from the linear relationship given in equation 6.6. Therefore, the relative 
electron densities of the samples (per) can be obtained by employing the following 
equation
_ E ^scat
r N  i*- AJscat
(6.17)
where [Nscat ] is the number of counts under the Compton scattering peak and s and w 
indicate sample and water, respectively, as before. In order to obtain the absolute electron 
densities of the sample (pe), the water electron density (3.341 x 1023 e/cm3) was multiplied 
by the relative values of the samples. No correction for the existence of the container was 
needed since the sample and the standard material (i.e water) were placed in identical 
containers and thus the effects of the container in the sample and water readings 
eliminated each other.
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6.4.2 Results and Discussion
Scattering angle: Sensitive volumes which are assumed to be produced by the 
intersection of the detector and the source collimators were calculated, at a range of 
scattering angles, by the use of a Fortran computer programme written by Balogun 
[BAL86]; results are presented in table 6.1. We found that the 90 degree scattering angle 
gave the smallest volume of intersection and the lowest scattering fraction, which is the 
ratio of the number of the transmitted photons (3802220+1950) to that of the scattered 
photons detected at a specific angle. Scattering angles lower and higher than 90 degree 
produce larger fractions of Compton scattered photons and larger sensitive volumes. 
These angles give an elongated shape to the sensitive volume in comparison to that 
created by the 90° angle. Since the solid angle subtended by the detector or by the source 
is small at the extremities of the elongated regions the contribution of these regions in 
the scattered photon flux is less than the central part of the intersection of the collimators’ 
fields of view [MOS88]. The separation between Compton and coherent scattering peaks 
increases as the scattering angle becomes larger. At 90 degree, the coherent scattering 
peak was not distinguished from the background counts and the Compton scattering was 
well resolved, a raw spectrum is illustrated in figure 6.9. The scattering spectra collected 
at the scattering angle range of 40-100 are shown in figure 6.13 as Gaussian fitted curves. 
The counting statistical error increases as the peak area decreases, it is below 2% for the 
90 degree scattering angle which is within acceptable limits [DUK84].
The number of scattered photons per scattering angle can be expressed as
d o ,  = d o f
dQ dQ
a ± d o f r  2ns.n0 (6.18)
where 2n sin 0 is the total solid angle available per unit angle (i.e. d£>/d0 ) [EVA55]. We 
used the above equation in order to calculate the angular distribution of the scattered 
photons (the incident photon energy was 59.50 keV) for a scattering angle range of 10 to 
180 degrees. The results are illustrated as the number of Compton scattered photons per 
scattering angle in figure 6.12. The calculated results show that the number of the 
scattered photons increases as the scattering angle increases from 10° to 50° after which
167
it starts to decrease. Since the calculated number of the scattered photons represents the 
scattering cross-section per electron and the experimental findings are given as the 
scattering fraction relative to the incident photons we can not compare them quantitively 
but we may compare their pattern variation in response to the change in the scattering 
angle. The calculated results in the 40 to 100 degrees scattering angle range, as shown 
graphically in figure 6.12, were compared with the experimental findings of the scattering 
fraction presented in table 6.1. The comparison verifies that both show a decrease in the 
number of the scattered photons as the scattering angle increases from 50 to 90 degrees. 
However, disagreements exist between the two in the scattering angle ranges of 40 to 50 
and 90-100 degrees. The calculated results show an increment in the former range and 
a decrement in the latter whereas the experimental findings show the opposite.
Table 6.1 - The scattering angle results.
Scattering
angle
(degree)
Scattered
photon
energy
( k e V )
Sensitive 
volume 
( mm3 )
Peak area 
(Raw data) 
( Counts )
Scattering 
fraction %
Peak area 
/  Sensitive 
volume 
(Counts 
/mm3)
Counting 
statistical 
error %
40 57.96 988 28795±170 75.7 29.14 0.60
50 57.16 863 22466±150 59.1 26.00 0.70
60 56.26 650 16496±128 43.4 25.40 0.80
70 55.30 426 10720+104 28.2 25.20 1.00
80 54.31 262 10358+102 27.2 39.50 1.00
90 53.33 128 3496±59 9.2 27.30 1.70
100 52.38 301 5596±75 15.0 19.00 1.30
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Scattering angle (degree)
Figure 6.12 - Calculated angular distribution of the Compton scattering cross- 
section.
System accuracy: The 90 degree scattering angle was selected for this study and 
for the rest of the experimental work since it gave the smallest sensitive volume which 
improves the system accuracy as has been discussed in section 6.3. However, the lowest 
scattering fraction was compensated for by using collimators of larger field of view, as 
was mentionned earlier. The impact of this type of collimator on the dimensions of the 
sensitive volume has been discussed in section 6.4.1. The system performance was 
estimated relative to the calculated electron densities of the samples under investigation, 
the results are presented in table 6.2. The range of the relative accuracy was between 
2.6% and 13.4% while the average was 7%. This level of uncertainty is acceptable as far 
as the densitometry of the breast tissues are concerned because the differences in the 
electron densities data, published by the ICRU Report no.46, between adipose and 
glandular tissues are about 21% for the middle ages and 39% for the old ages [ICR92]1.
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The chemical compounds were ail in liquid form and this has an effect on the 
results due to the possibility of existence of air bubbles which reduce the scattering 
counts. The use of solid material improve the accuracy as we have found in the CSD 
study of the cross-linked hydrophilic copolymer materials (section 6.5). The measured 
electron density of each chemical compound is constantly higher compared to the 
calculated values. The elevation in our results is due to the sources of error which usually 
increase the measured electron densities.
Table 6.2 - The system performance results.
Chemical
compound
Relative
Pe
Measured
Absolute 
pe * 1023 
(e/cm3) 
Measured
Absolute 
Pe * 1023 
(e/cm3) 
Calculated
Mass
density
(g/cm3)
Tabulated
Relative
Accuracy
%
Hexane 0.770±0.007 2.573±0.023 2.269 0.660 13.4
DMF 0.959±0.008 3.204±0.026 3.125 0.940 2.6
Acetyleactone 1.011±0.008 3.378±0.026 3.111 0.975 8.6
DMS 0.989±0.008 3.30410.026 3.562 1.100 7.0
Glycerol 1.269±0.010 4.24010.033 4.120 1.260 3.0
170
6
0
0
.0 o o o o o
o o o c i oo o . o o oLO t f CO C\J T—
|0 U U £ ip  /  fUnOQ
171
Fi
gu
re
 
6.1
3 
- F
itt
ed
 
sc
att
er
ed
 
sp
ec
tru
m 
ac
qu
ire
d 
ex
pe
rim
en
ta
lly
 
at 
sc
att
er
in
g 
an
gle
 
ra
ng
e 
40
-1
00
 
de
gr
ee
s.
6 .5  B r e a s t  T i s s u e  a n d  H y d r o p h i l i c  M a t e r i a l  M e a s u r e m e n t s
The experimental set-up and procedures, which were used in the study of accuracy, 
were adopted in measuring the average electron densities of both the breast tissue samples 
and the hydrophilic materials. Examining the breast tissue samples in the fresh state was 
impractical because of the long scattering measurement time which was about 12 hours. 
Therefore, in order to reduce any effects due to degeneration, the breast tissue samples 
were examined in the dried form. More details are given about the breast tissue samples 
in chapter 4. The Mixture Rule, defined in section 4.4, was used to correct for the freeze 
drying effect by using the following expression:
( Pe )\vet ~ ( Ptf )dry + ( Pe )water (6*19)
where w,- is the fraction by weight of the removed water. The measurements are given 
in table 6.3.
The cross-linked hydrophilic copolymers, designated as ED IS and ED4C, were 
examined in solid rod, powder and grain forms. The properties and the applications of 
the hydrophilic materials are given in chapter 5. The grain type of the hydrophilic 
materials was in different irregular shapes and sizes. The thickness range was about 100- 
500jjun. They were tested in the dry and fully hydrated states. The dry and wet granular 
hydrophilic materials were also examined while each of them was mixed with glycerol. 
The results are presented in tables 6.6 and 6.7.
6.5.1 Results and Discussion
Breast tissue specimens showed significant differences in the measured values of 
the electron density of each tissue type. We found that the ranges of the averaged 
electron densities are: 3.188 x 1023 to 4.104 x 1023, 2.941 x 1023 to 4.003 x 1023 and 3.128 
x 1023 to 4.357 x 1023 e/cm3 for tumour, adipose and glandular tissues, respectively. 
These results exhibit overlapping values between the different tissues. This is expected 
due to the differences in age, diet, hormonal status, medication and health status of the 
patients. In order to illustrate the expected spread in the experimental data, we calculated
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three values for each type of breast tissue. These values are the mean (M), M-ct and 
M+g, where the standard deviation (a) value was calculated according to the error 
propagation formula [KNO8 8 ]. At each value of these three results, given in table 6.4, 
the tumour samples exhibited the highest electron densities whereas the adipose tissues 
had the lowest values. These results are presented graphically in figure 6.14.
Apart from the calcification of the breast tissue, no electron density data were 
found in the literature for the abnormal tissues. Mass (physical) densities of fibroadema 
and infiltrating duct carcinoma of breast were presented by John and Yaffe [JOH87]. We 
intended to examine breast calcifications in this work but unfortunately the samples were 
only just enough for histopathology diagnosis purposes. When we compared each value 
of the adipose tissues of our experimental results with the corresponding data in the 
literature (table 6.5), we found that the lowest and the highest variations were about 7% 
and 11%, respectively. For the glandular tissues, the lowest difference compared to the 
available published data was about 1% whereas the highest was about 6%.
The results of the rod types of the hydrophilic materials demonstrated the effects 
of the multiple scattering and the other sources of error in making measured electron 
densities higher than calculated ones. This confirms what we have observed in the 
calibration process. The relative accuracy has been improved (about 4%) compared to the 
calibration procedures using chemical compounds in liquid states. This improvement is 
due to the solid state of the hydrophilic materials. The fully hydrated hydrophilic 
materials in rod forms of both types had measured electron densities lower than those of 
the dry materials. These findings are in good agreement with the calculated results. 
However, the powder and grain types illustrate an increment in the relative electron 
densities as a response to the hydration process. Mixing the glycerol with the hydrophilic 
materials showed that changing the chemical properties, in terms of elemental composition 
and physical density, of the hydrophilic materials increased the electron density 
dramatically.
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Table 6.3 - Measured electron densities of breast tissue samples.
Patient Tissue
type
Wj pe x 1023 
e/cm3
Relative pe Absolute 
pe * 1023 
(e /  cm3)
Corrected 
Pe * 1023 
(e /  cm3)
no. 1 
Age > 
45
T 1.5441.03 0.5361.005 1.7911.017 3.3351.034
A 0.6481.03 0.8161.007 2.7261.023 3,3741.04
G 0.5621.03 0.7681.007 2.5661.023 3.1281.04
no. 2 
Age = 
63
T 1.4611.023 0.6771.006 2.2621.020 3.7231.03
A 0.4351.03 0.9551.008 3.1911.023 3.6261.04
G 0.6021.03 0.8531.007 2.8501.023 3.4521.04
no. 3 
Age = 
45
T 1.5181.03 0.7741.007 2.5861.023 4.1041.04
A 0.4851.03 1.0511.009 3.5111.03 3.9961.04
G 0.3981.023 1.0641.009 3.5551.03 3.9531.04
no. 4 
Age = 
74
T 1.3571.03 0.5481.005 1.8311.017 3.1881.034
A 0.4951.023 1.0501.009 3.5081.03 4.0031.04
G 0.2881.03 1.0301.008 3.4411.023 3.7291.04
no. 5 
Age = 
57
T 1.3401.03 0.6411.006 2.1411.02 3.4811.036
A 1.0831.04 0.5561.005 1.8581.017 2.9411.043
G 0.7591.03 0.6041.006 2.0181.02 2.7771.036
no. 6 
Age = 
70
T 1.1471.023 0.8341.007 2.7861.023 3.9331.032
A 0.2071.03 0.9861.008 3.2941.023 3.5011.04
G 0.2941.033 0.8221.007 2.7461.023 3.041.04
no. 7 
Age=51
A 0.3311.03 0.9371.008 3.1311.023 3.4621.04
G 1.5671.023 0.8351.007 2.7901.023 4.3571.032
no. 8 
Age = 
49
T 0.6621.03 0.7871.007 2.6291.023 3.2911.04
A 0.1841.03 0.9461.008 3.1611.023 3.3451.04
G 0.6181.03 0.7921.007 2.6461.023 3.2641.04
no. 9
Age = 
39
T 1.5381.03 0.5761.006 1.9241.02 3.4621.036
A 0.3441.033 0.7711.007 2,5761.023 2.921.04
G 1.2171.03 0.7241.006 2.4191.02 3.6361.036
( T = Tumour A = Adipose G = Glandular )
174
Table 6.4 - Ranges of the measured electron densities of breast tissue samples.
Results no. Tumour Tissue Adipose Tissue Glandular Tissue
pe x 10 23 _Pe.r pe x 10 23 Pc.r pe x  10 23 Pe-r
1 3.577 1.070 3.476 1.040 3.495 1.046
2 3.564 1.067 3.463 1.037 3.482 1.042
3 3.551 1.063 3.450 1.033 3.469 1.038
Table 6.5 - Published data on electron densities for breast tissues ( ICRU-1992).
Tissue Type Electron Density 
x 10 23 (e/cm3)
Adipose 1 3.240
Adipose 2 3.180
Adipose 3 3.120
Mammary gland 1 3.300
Mammary gland 2 3.390
Mammary gland 3 3.510
50% water - 50% lipid 3.220
33% water - 67% lipid 3.150
(1 = M + G, 2 = Mean (M) and 3 = M - g)
175
E
le
ct
ro
n 
D
en
si
ty
 
* 
E+
23
 
(e
/c
m
3)
B r e a s t  T i s s u e s
3.6
Tumour
3 .5  -
3 .4
G l a n d u l a r
T i s s u e  T y p e
Figure 6.14 - The electron densities of the breast tissues.
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Table 6.6 - Electron densities of the rod types of the hydrophilic materials.
Hydrophilic
material
Relative
Pe±
0.01
Absolute 
p„ X 1023 ±0.033 
(e /cm3) 
Measured
Absolute 
pe x 1023 
(e /cm3) 
Calculated
Mass 
density 
(g /cm3) 
Measured
Relative
accuracy
%
ED1S
(Dry)
1.205 4.026 3.865 1.200 4
ED1S
(Wet)
1.188 3,969 3.844 1.167 3
ED4C
(Dry)
1.248 4.170 3.975 1.234 5
ED4C
(Wet)
1.163 3.886 3.780 1.143 3
Table 6.7 - Electron densities of the powder and grains types of the hydrophilic materials.
Hydrophilic material Relative electron density ( pc r ) 
Dry Wet ± 0.008
ED IS - Powder 1.00 ±0.008 1.046
ED4C - Powder 0.703+0.009 0.935
ED IS - Grains 0.895±0.008 0.940
ED IS - Grains + Glycerol 1.279±0.008 1.151
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6 .6  C o n c l u s io n s
There are variations between each tissue type from one patient to another which 
may reflect the elemental composition differences. The age, the medication history and 
the health state of each patient were not the same and these may have affected the 
elemental composition of each tissue type. A variation in a range of 1%-11% was 
verified when we compared our results with those available in the literature. The electron 
density of the adipose tissues given by other authors were not given specifically for breast 
tissues and therefore such differences could be expected. Furthermore, all the electron 
densities found in the literature were calculated by the aid of the elemental composition 
and no measured values were presented. Most of the elemental composition data of the 
major elements represented healthy breast tissues and were not collected from the same 
individual. The samples employed in our work were collected from breast cancer patients 
undergoing mastectomies and the different tissue types were collected from the same 
patient. In addition, the measured absolute electron density is a function of the water 
electron density which is a function of the Z/A ratio and the mass density. Hence, the 
variations between the reference material (water) and the normal and pathological breast 
tissues in terms of the elemental composition and the mass density introduce some errors.
The different types and forms of the hydrophilic materials showed relative electron 
densities higher and lower than those of the normal and abnormal breast tissues. The 
hydration process, the physical morphology and the mixing of the grains type of the ED IS 
with glycerol showed that the electron density of a packed volume of the hydrophilic 
material can be changed. Thus, a range of electron densities of the hydrophilic materials 
can be obtained which gives a wider possibility in employing these materials for tissue 
simulation and to mimic real soft tissues.
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C h a p t e r  7
Conclusions
The fact that healthy women are involved in breast screening programmes, using 
mammography examinations, has initiated the risk-benefit analysis of the radiation level 
that is employed in trials. In addition, the new recommendations of the International 
Commission of Radiological Protection (ICRP-publication no.60, 1990) have classified the 
human female breast as a radiosensitive organ. The values of the probability o f fatal 
cancer and the aggregated detriment of the breast are occupying an intermediate level in 
relation to those of the body organs which are also classified by the ICRU (table 2.5) as 
radiosensitive. However, the world wide trials have confirmed the benefit of breast 
screening programmes for women aged 50 years and above. The screening benefits of 
the group aged 40-49 years and the interval length between mammographic screening 
examinations and its effect on the efficacy of screening are still in question and subject 
to further researchs. Mammographic investigations for women under 40 are recommended 
to be reserved for special cases such as strong history of breast cancer in the family or 
self-occurrence of benign tumours. The published data show large variations due to the 
differences in the follow-up periods, the inclusion and exclusion of the clinical 
examination, the differences in the quality of the mammography units used, the number 
of the imaging views and the number and the age of the population included in the 
investigation.
The effectiveness of a breast screening programme in detecting breast carcinoma 
at the early stages has raised the sensitivity issue of existing mammography phantoms. 
Moreover, the rapid developments in the breast imaging modalities and film processing 
procedures have put in question the suitability of available breast tissue substitute 
materials used in mammography phantom formation. The large variations in the elemental 
composition and size of the breast among the female population have pointed to the need 
for breast phantoms which can effectively simulate these differences. The age of the 
female is the main factor in causing this large variation in the breast elemental 
composition. All the breast phantoms employed in the United Kingdom, either for
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imaging or dosimetry applications, are designed without taking into account the female 
age group and some of them are not realistically shaped. From observing the various 
breast phantoms, we can conclude that the common tissue substitute materials are perspex 
(lucite or acrylic) which mimics muscle tissues and epoxy-resin (BR12) which simulates 
the breast as 50% fat-50% water. The test objects that are usually inserted in the phantom 
for contrast and resolution evaluations are aluminum, lead and copper. The fibrous tissues 
are often mimicked by nylon whereas the calcifications are simulated by aluminum oxide, 
silicon, teflon, calcium carbonate and magnesium oxide.
The lack of ideal tissue substitute materials has indicated the necessity to search 
for new substances in order to develop mammography phantoms which satisfy the 
essential requirements in simulating the breast tissues. The main requirement is that the 
radiation interactions within the phantom should match those interactions that would take 
place in the breast organ. The elemental composition and the density of a material 
governs its radiation interaction properties. In respect to this requirement of tissue 
substitute materials, the new materials we have proposed in this work which are called 
Cross-linked hydrophilic copolymers and designated as ED IS and ED4C have shown very 
satisfactory characteristics. The linear photon attenuation coefficients of the hydrophilic 
materials have been measured at a photon energy of 59.5 keV by using Photon 
Transmission Tomography (PTT). Joint work was also accomplished which measured 
their attenuation coefficients at lower energies (17.44 keV and 44.23 keV) using single 
linear measurements [FAR95]. Dry and hydrated hydrophilic materials in solid and 
granulated forms were employed in this work.
The cross-linked hydrophilic copolymers have two main advantages over existing 
tissue substitute materials. They have the ability to incorporate liquids into their 
structures without being dissolved in it and they are, in their hydrated states, elastic 
materials so they can be compressed under certain pressure without damaging their 
structures. The ability of the hydrophilic materials to absorb a controllable amount of 
different liquids has introduced the option of changing either their elemental composition 
or the fraction-by-weight of each element. In addition, combining the liquid absorption 
as well as the compression possibility of the hydrophilic materials provided the choice of
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using them in packing volumes. The advantages of the cross-linked hydrophilic 
copolymers as tissue substitute materials are discussed in this chapter in relation to the 
experimental findings for these and the breast tissue samples.
The hydrophilic materials, as tissue substitute materials, can be presented in 
different physical morphologies which introduce several advantages. The dry and 
hydrated solid rod types of the hydrophilic materials can be easily machined to construct 
the geometrical shape of the human female breast. They also can be formed into small 
and thin speckles or spheres to be used as test objects for contrast and resolution 
evaluations. The dry granule form of the hydrophilic materials can be packed with other 
materials such as oil in order to simulate fat embedded in glandular tissues. The packed 
volume of oil and hydrated granules samples can be used to simulate fatty tissues and 
water combinations in biological tissues. Furthermore, they can be packed under different 
pressures to give a range of mass densities.
The cross-linked hydrophilic copolymer materials satisfy the safety and other non­
radiation phantom requirements. They are non-toxic, non-carcinogenic and not corrosive, 
flammable or volatile substances. The hydrophilic materials are leak-proof for the liquid 
substances, such as water, that they absorb as long as the materials are not exposed to air 
for very long periods of time. They can be stored indefinitely in ambient temperature as 
long as they are covered from all sides by a material such as siloxane. The volume of 
the reference female breast is 344 cm3 and the mean compressed breast thickness is about 
5 cm [FIT89]. The hydrophilic materials can be easily manufactured in a volume of up 
to 1570 cm3 with very minimum possibility of creating bubbles in their structures.
In relation to the available breast tissue substitute materials, the cross-linked 
hydrophilic copolymers can be considered as very efficient materials in simulating the 
average breast tissues as far as the elemental composition is concerned. The chemical 
structure of the commonly used perspex material consists of most of the major elements 
of the body soft tissues (hydrogen, carbon and oxygen) but it lacks nitrogen which 
contributes, depending on the female age group considered, up to about 4% by weight of 
the breast tissue. The epoxy resins contain epoxide groups which consist of elements of
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hydrogen, carbon and oxygen. Aliphatic amine groups (NH) are usually add to the 
epoxide group as hardeners in order to form the final product of the epoxy resin material. 
Both of these tissue substitute materials simulate the female breast tissues of the old age 
group as shown in table 7.1. The elemental composition of the hydrophilic materials 
indicate that the hydrophilic substances in the dry state are good tissue substitute materials 
to simulate the female breast tissues of the old age group. The mass density of the epoxy 
resins reveals a superiority of these materials over the perspex and hydrophilic tissue 
substitute materials. However, the effect of the hydration process on the hydrophilic 
substances, in terms of changing the fraction-by-weight of the elements of the material, 
enhances their potential as breast tissue substitute materials for all age groups; they can 
be made to match the different female age groups (given in table 7.1 according to the 
classification of Constantinou, 1982) accurately. By advancing in age, the effective 
atomic numbers and the electron densities of the breast tissues decrease and the 
percentage of both the hydrogen and carbon elements increases whereas those of the 
nitrogen and oxygen decrease. These effects of the female age in changing the densities 
and the elemental compositions of the breast tissues can be simulated by the effect of the 
hydration process on the original densities and elements of the hydrophilic materials. The 
hydration process increases the effective atomic numbers and reduces the electron 
densities. Also, the hydration increases the percentages of both the hydrogen and oxygen 
elements whereas it decreases those of the carbon and nitrogen elements. By comparing 
the fraction-by-weight of each element of the breast tissue with that of the hydrophilic 
materials, we can conclude that the partially hydrated materials can be used to simulate 
the breast tissue of females of the middle age group while those of the young age group 
can be mimicked by the fully hydrated hydrophilic materials.
The hydration process increased the linear photon attenuation coefficient of the 
ED IS sample compared to its value in the dry state whereas the ED4C sample showed 
a decreased value. On the other hand, the hydrated samples of both ED IS and ED4C 
exhibited mass photon attenuation coefficients higher than those of the dry ones. These 
experimental findings agreed well with the calculated results using the XCOM computer 
code. The decreased value in the linear attenuation coefficient of the ED4C is due to the 
occurrence of the cross-over point between the dry and hydrated samples at about 50 keV
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photon energy. There is also a cross-over point for the ED IS but it occurred at higher 
photon energy; about 94 keV.
The PTT technique was also employed to measure the linear attenuation 
coefficients of normal and pathological samples of the breast tissues. The breast tissue 
samples, tumour, adipose and glandular, were excised from breast cancer patients 
undergoing mastectomies. Since the breast tissues were mainly collected from post­
menopausal patients, they represent breast tissues of females from the old age groups. 
The PTT results exhibited a wide range of linear photon attenuation coefficients for each 
breast tissue type. This is due to the large variation in the elemental composition of the 
breast tissues among individuals which could also be altered by the'medication and type 
and stage of the disease. The wide range in the linear photon attenuation coefficients is 
also due the uncertainty in the results. The uncertainty reflects the fact that the breast 
tissues are inhomogeneous but the measurements of the linear photon attenuation 
coefficients were obtained as averaged values over a certain size of region of interest 
representing a number of pixels. The glandular tissues verified linear attenuation 
coefficients of the same order as those of the solid dry hydrophilic materials of ED IS and 
ED4C. The hydrated state of the solid ED IS showed linear attenuation coefficient higher 
than the adipose and glandular tissues whereas the hydrated solid ED4C exhibited values 
close to the adipose tissues. The powdered form of ED IS and ED4C in dry and hydrated 
states showed lower values of linear photon attenuation coefficients due to the existence 
of air in between the granules; the values for the dry samples were lower than the adipose 
tissues whereas the hydrated ones were almost of the same order as the adipose tissues. 
No match has been found between the attenuation properties of the hydrophilic materials 
and those of the breast tumour tissues; the latter were significantly higher than the former. 
The cancerous tissues showed the highest ability to attenuate a beam of photons among 
all the examined tissues. This response of the tumour samples reflect the existence of 
either elements of high atomic number in their structures or fat cells in lower proportion 
compared to the glandular tissues. However, by incorporating minerals in the hydrophilic 
materials by using liquids absorbents, these substitute materials can be made to match 
breast tumour tissues.
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The hydrophilic materials also have been examined in different chemical and 
physical states. Absorbents different than water have been incorporated into the 
hydrophilic materials; these were solutions of hydrochloride HC1, sodium hydroxide 
NaOH and copper sulphate as well as a plasma substitute material known as Haemaccel® 
(Polygine). The HC1 and NaOH solutions were used to study the effect of the pH 
environment of the absorbent on the hydrophilic materials. The alkaline environment of 
pH 13 increased the maximum value of the water up-take of the hydrophilic materials. 
The solid hydrophilic materials of ED IS and ED4C were hydrated in copper sulphate 
solutions of different concentrations. The highest concentration of the copper sulphate 
exhibited higher attenuation properties compared to the lower ones. The Haemaccel® 
solution and the glycerol were employed to hydrate the powdered form of the hydrophilic 
materials in order to construct a packing volume of tissue substitute materials. This study 
of the packing volume is useful in obtaining ranges of densities and attenuation properties 
which can be attained by filling the void spaces between the dry or hydrated granules by 
different liquids. High density solutions could be used to simulate abnormal dense 
features of the breast tissues such as tumour and microcalcification. Moreover, the 
existence of air within the granules may produce various densities which can provide a 
range of attenuation coefficient values for the hydrophilic materials. The benefit of the 
employment of absorbents different than water could be realized when higher atomic trace 
elements of the biological tissues need to be simulated, as in the case of pathological 
specimens.
The electron densities of the breast tissue samples and the hydrophilic materials 
were measured by using a 90 degrees configuration of the Compton Scattering 
Densitometry (CSD) technique. The results of each tissue type of the breast tissue 
samples were presented into three values in order to represent the expected spread in the 
data. These were the mean M, M+g and M-g  where G is the standard deviation. Both 
of the hydrophilic materials in dry and fully hydrated samples have exhibited electron 
densities higher than those of the breast tissues we examined. Although there are some 
variations between the electron densities of the hydrophilic materials and the breast tissue 
samples, we consider the hydrophilic materials as promising tissue substitute materials 
because altering their physical and chemical properties can reduce such variations. The
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alterations could be obtained by changing their physical morphology and introducing 
absorbents other than water, as discussed above.
The linear photon attenuation coefficients and the electron densities of the 
glandular tissues revealed the best agreement (99%) with those published by other 
researchers. The linear attenuation results of the tumour and adipose tissues show a 
variation of about 3% whereas the electron density findings of the latter exhibited a 
variation of up to about 11% compared with the published work of other authors. The 
variation is partially due to the fact that the different types of breast tumour tissues are 
expected to give different values for the attenuation. The adipose tissues presented in the 
literature were not given specifically for the breast organ and since their elemental 
compositions are different from one organ of the body to another, such variation is 
expected.
Although the experimental results we obtained were not conclusive, the cross- 
linked hydrophilic copolymers show a significant level of suitability as soft tissue 
substitute materials. The present data give guidelines for further studies on the possibility 
of employing the hydrophilic materials in the simulation of biological tissues. The 
potential of the hydrophilic materials of EWC capabilities higher and lower than those 
employed in this research needs to be investigated. Furthermore, cross-linked hydrophilic 
copolymers consisting of monomers other than MMA and VP, may be worthy of study. 
The investigation of the potential of hydrophilic materials as tissue substitutes needs to 
be expanded to cover the expected role they may play as hard tissue equivalents. They 
could be used to simulate cancerous tumours, microcalcifications as well as bone and bone 
marrow tissues. This maybe achieved by the use of high density absorbents such as 
concentrated solutions of calcium carbonate, calcium orthophosphate, potassium 
orthophosphate and potassium iodide. There are already enquiries from research groups 
and manufactures regarding the use of hydrophilic martials for example in the field of 
dual energy densitometry in studies of osteoporosis.
Breast tissues are heterogeneous and in order to project this characteristic 
tomographic images of high spatial resolution are important. Although the results of the
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PTT of the breast tissues are quite encouraging, the use of a stronger radiation source 
along with large specimens would contribute to produce images with higher spatial 
resolution. Since the attenuation properties of a material are energy dependent, examining 
the hydrophilic materials and the real breast tissues over a wide range of energy is 
essential. A programme to examine the latter applications is being discussed at present 
with a radiotherapy department. This may extend the use of hydrophilic materials to 
cover radiology and radiotherapy applications. The attenuation data of breast tissues 
presented in the literature are limited in number as well as in tissue types and since there 
are variations in the elemental composition among individuals, extensive work in this area 
needs to be initiated, in a coordinated manner.
Table 7.1 - The elemental compositions, effective atomic numbers and electron densities 
of real and substitute breast tissues.
Real and Substitute 
Breast Tissues
Elemental Composition 
Fraction-by-weight ( % )
H C N O
z
V
Z Pe
x 1023 
e/cm3
25%Fat-75%Muscle
50%Fat-50%Muscle
75%Fat-25%Muscle
10.71 
11.20
11.71
28.25
44.20
60.14
2.63
1.75
0.88
57.60
42.30
27.01
7.02
6.71
6.35
6.48
6.14
5.80
3.38
3.30
3.18
Perspex 8.00 60.00 - 32.0 6.56 6.12 3.8
BR12 8.70 69.90 2.40 17.90 6.24 .. 5.81 3.17
ED1S ( Dry ) 8.13 63.63 9.45 18.79 6.35 5.94 3.865
ED4C ( Dry ) 8.14 63.87 10.08 17.91 6.33 5.93 3.975
ED1S
(50% hydration)
9.05 44.54 6.62 39.80 - - -
ED4C
(55.56% hydration)
9.36 38.32 6.05 46.27 - - -
ED1S
( 100% hydration )
9.97 25.45 3.78 60.80 7.12 6.62 3.844
ED4C
(100% hydration)
10.34 17.88 2.82 68.96 7.23 6.71 3.780
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Specifications of selected phantom s - B reast
B arts* D o sim e tric  a n d  Im ag in g  P h a n to m s  for
M am m ography
The imaging phantom comprises a D-shaped block of epoxy-resin based, average breast 
substitute with embedded test pieces representing tumors, cysts and microcalcifications. The 
block has a sloping front face. D-shaped sheets of the average breast substitute with surface 
cavities for thermoluminescent dosimeters are available for assessing patient dose.
* - St. Bartholomew's Hospital, UK.
F  I I I I * C  • I I I I F
: : : :  b  b  : : : :
o  o  o  o  o  o  o  
o  o  o  o  o  o  o  
c  : : : :  m 1 1 1 1 1  : : : :
a
T est p ie c e s
Epoxy-resin based 
average breast 
substitute BR12 
(White et al., 1977)
As indicated in 
'Physical Dimensions'
Im aging P hantom
PhysicafDimem!,ons 1 1  111
P hantom T est p ieces
C ross-section (a) 17 cm mean A d ip o se  and Cylinders (A) 5 mm diameter,
(D-shape) diameter w a ter -lik e
o b jec ts
0.5 to 10 mm depth 
Cubes (B) OA to 1 mm
T hickness 4 cm (imaging block) 
6 x 1 cm thick sheets 
(dosimetry)
S k in  step -w ed g e  (S) 
C a lc if ica tio n s  (C)
Fibrils (F) square section 
0.4 to 1 mm, 1 cm long
0.25 to 3 mm
Aluminum oxide spheres 
0.4 to 2.4 mm diameter 
Silicon cubes 0.05 to 0.4 mm 
Silicon fibrils, square section 
0.05 to 0.4 mm, 5 mm long
j Applications
The assessment of image quality and patient dose in mammography.
n  rR e fe re n c e s
White & Tucker, 1980;  Fitzgerald et al., 1 98 1 .
Contact Address : St. Bartholomew's Hospital, Radiation Physics Department,
London E C 1 A  7 B E . ,  U K .
218
Specifications of selected phantoms - B reast
T o ro n to 1* Im ag in g  P h a n to m  fo r M am m o g rap h y
D escr ip tio i
This anthropomorphic phantom reproduces the image of the breast as radiographed in a 
cranio-caudad projection. It comprises a breast substitute layer and a mercury intensified film 
substrate enclosed in a Lucite case. The mercury film reproduces high spatial frequency 
information to replicate fine details. The phantom is produced from a digitized mammogram using 
numerically-controlled milling techniques. A variety of overlays can be added containing 
simulated tumors, cysts and microcalcifications.
“ - University of Toronto
Phantom
C ross-section
(rectangle)
T hickness
19 cm x 12 cm
5 cm
Epoxy-resin based breast substitute, BR12 
(White et al., 1977)
Mercury intensified Mylar film 
Acrylic
A p p lic a tio n s
T he assessm en t, optim ization and stan d ard iza tion  o f im age q u a lity  and perceptability in 
m am m ography. P resentation  of rea listic  im ages for c lin icians' a sse ssm en t
R e fe re n c e s ■ •■■■ \ :+yf: -IP*: .. .'..fr. .
YafTe, et a l . ,  1986;  C al dwel l  and  YafTe, 1990.
C o n ta c t  A d d r e s s  : D e p a r t m e n t  of  M ed ic al  B i o p h y s i c s ,  U n i v e r s i t y  o f  To r ont o  and Re se arc h
Divi s ion,  S u n n y b r o o k  H e a l t h  S c i e n c e  C e n t r e ,  2 0 7 5  B a y v i e w  A v e nu e ,  Toronto,  
Canada M 4 N 3 M 5
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Specifications of selected phantoms - B reast
Du Pont" Im ag in g  P h a n to m  fo r M am m ography
D escrip tion Is 4::sv-
The phantom comprises two acrylic blocks to represent the radiation absorption and scattering 
within an 'average breast'. Embedded within the acrylic are test pieces, including microcalcifications, 
fibrils, spherical nodules, a contrast-detail section and simulated tissues and structures. The use of 
selected organic materials and 'real' microcalcifications produces more realistic imagingin one section 
of the phantom. The phantom is now available as 'RMI Model 160 Ackermann Mammography 
Phantom'
a - Du Pont de Nemours, Germany.
Diagram V u 1 1 1
P h y s ic a l D im en sio n s i l i l
Phantom
C ross-section(a x b) 
(square)
T hickness
(overall)
T est p iece  
(diameters) 
C alcifications (C) 
F ibrils (F)
Spherical N odules (N) 
C ontrast deta il (//)
R esolu tion  (R ) 
Sim ulated T issu es (T)
12.0 cm x 12.0 cm
4.0 cm
(1.0 cm + 3.0 cm 
thick blocks)
0.083 to 0.320 mm 
0.3 to 1.5 mm 
0.35 to 1.6 mm 
0.6 mm holes 
(lengths 0.2 to 0.75 mm) 
8 to 20 lp mm 1
M a teria ls
P hantom
I I P
Acrylic
T est p ieces
C a lc ifica tion s : Aluminum oxide
F ib r i ls : Polyacetal
S p h erica l N o d u les  : Carbohydrates, amino 
acids
C ontrast d e t a i l : Holes in polycarbonate
■A p p lic a tio n s
Assessment of image quality in mammography.
R efe ren ce
Ackermann, 1988; Law,1991.
Contact Address : Gammex-RMI GmbH, Houverather Miihle, 5358 Bad Mtinstereifel, Germany.
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V
Newcastle phantom, [TH091].
10 •0°•°o ;o M m
9 I'* Oo #=3§g I
8 I
7 'V I
6 o’*• 40 I
5 r. S
0
0 I
4 id I
3 • o OO I
2 'o I
1 A G F A  M A M O R A Y  Q
I A I B C D I A I
sensitometry capacity of the sensitometry 
detection system
aluminium graduated stepwedge
plexiglass  -
inbuilt materials -------------
p le x ig la s s ------------------^
My/////E///////'77777??77T-,
Agfa phantom, [IPS89].
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Leeds'* Im ag in g  P h a n to m s  fo r  M am m o g rap h y
[Types : TOR(MAS), TOR(MAX), TOR(MAM)]
The phantoms comprise semi-circular acrylic plates containing test pieces for evaluating spatial 
resolution, low-contrast sensitivity, small-detail detectability and sensitometric consistency. TOFKMAS) 
and TOR(MAX) permit measurement of threshold values; TOR(MAM) enables an image quality score 
to be determined. Additional plates provide x ray attenuation and image degradation, consistent with 
typical mammographic screening.
“ - University of Leeds, U.K.
P h an tom  Acrylic
T est p ieces  Laminar/foil materials
P hantom
C ross-section
(semi-circle)
TOR(MAM) Layout
fcfcilifclilllilllll
22 to 24 cm diameter
ililii?
*i"*r
T est p ieces
TOR(MAS), TOR(MAX) 
R eso lu tio n  1 to 20 lp mm*1
T h ick n esses
(plates)
TOR(MAM) 
F ilam en ts (F)
l x l  cm 
3 x 1 cm 
2 x 5  mm
Six groups 0.2 to 0.4 mm 
diameter, 1 cm long
C on trast
C alcifications (C) Microparticles, 63 to 354 pm G rey sca le
C ontrast (P) Six contrast patterns in 
mixed groups of three (3 mm 
diameter)
Low contrast linear details, 
1.8 to 5 lp mm*1
Twelve 6 mm diameter 
low-contrast details. Two 
series of eleven details, 0.25 
and 0.5 mm diameter
Ten 8 mm square steps. Base 
+ fog and high-density 
reference points
B ackground D ensity  (Bl, B2)
Sim ulated  tissu e  and m icroca lc ifica tion s (T)
C a lc ifica tio n s Microparticles, median sizes 
125, 234, 328 pm
US * "  TSS SS < . sApplications
The routine assessment of image quality in mammographic screening.
Reference
Cowen et al., 1988;Cowen, 1991.
Contact Address : FAXIL, The University of Leeds, Department of Medical Physics, 
Wellcome Wing, The General Infirmary, Leeds LSI 3EX, UK7
Specifications of selected phantom s - B reast
DIN" S ta n d a rd  D o s im e tric /Im a g in g  P h a n to m  for
M am m ography  (DEN 6868 T eil 7)
The phantom consists of an acrylic block and plate. Cavities and cut-outs are provided for test 
devices.
* - Deutsches Institut fur Normung, Germany.
C ross-section  (a x 6)
(rectangle) 24 cm x 18 cm
B lock/P late
(Thickness)
T est p ieces  
(within upper plate)
(c) 4 cm
(d) 6 mm
P osition in g  ch eck s 5 steel balls,
2 mm diameter (P I ) 
Contrast bars for 
orientation (P2)
Wire meshes 100/80, 
80/50, 63/40 and 
40/32 pm
Recess in acrylic (A) 
and Teflon (T ) insert
R esolu tion  (R ) 
C ontrast
Insert (/) provided for dosimeters
Phantom 
Test pieces
' V. . i
Acrylic
As indicated in 
'Physical Dimensions'
n n n ikW&gr&msi Bfc \!v "  1 M B
P2
1 /  1
E L  r M
i *  t  i
PI PI
T est P ie c e s  in top p late
Acrylic
Acrylic
C om p lete P hantom
For image quality assessments in x ray diagnosis; constancy checking in mammography.
DIN, 1988.
Contact Addresses : Deutsches Institut fur Normung, BurggrafenstraPe 6, 1000 Berlin 30, Germany.
Phantom is available as NORMI 7 from PTW-FREIBURG, Lorracher StraPe 7, 
D-7800 Freiburg, Germany.
Specifications of selected phantom s - B reast
ACR“ D o sim etric /Im ag in g  P h a n to m  fo r M am m ography
(Type : RM Ib T ype  156)
D escrip tion
The phantom is a rectangular acrylic block containing test pieces designed to simulate 
structures in the breast. All test pieces are contained in a single wax block enclosed in the acrylic 
base. The test pieces simulate calcifications, fibrils, and tumors. This phantom is similar to the 
RMI mammographic phantom (Type 152D) but was designed to simulate a 4.5 cm, rather than
5.0 cm, thick compressed breast.
* - American College of Radiology 
b - Radiation Measurements, Incorporated.
x \
Materials
B a se  and  
top co v er
In sert
Acrylic 
Dental wax
T est p ie c e s  As indicated in
'Physical Dimensions'
P h y s ic a l D im e n s io n s
Phantom  T est p ieces
C ross-section  (a x 6) 10.8 cm x 10.2 cm C a lc ifica tio n s CO
Aluminum oxide(rectangle)
T hickness
Mass
(overall) 
4.55 cm 
0.55 kg
F ib rils  (F) 
Nylon
T um ors (T)
0.20 to 0.74 mm diameter 
and length
0.40 to 1.56 mm diameter
0.25 to 2.0 mm spherical
segments
A p p lic a tio n s wm
mmsmm
The phantom is used to evaluate the imaging capabilities of mammographic x ray systems. It 
can also be used to represent a patient of average thickness in order to determine absorbed dose 
and to evaluate the performance of automatic exposure control systems.
R e fe re n c e s
....
NCRP, 1986; DcWcrd, 1988.
Contact Address : Itadiation Measurements, Incorporated, 7617 Donna Drive,
Middleton, WI53562, USA.
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S ta n d a rd  D o sim e tric  P h a n to m  for M am m ography
D escrip tion III i l l .
This block of solid tissue substitute representing average breast tissue, is semi-circular in 
cross-section. Cavities at known depth are available for radiation detectors. The block may be in 
sheet form.
E xam ple of 5 cm  thick  
con figu ra tion .
m
C ross-section  (a) 
(semi-circle)
Thickness(b)
D ep th  o f rad iation  
d etectors
18 cm diameter
2 cm to 8 cm
Surface, mid-point, and 
exit-point (minimum)
(Sheets 1 cm thick with cavities in surface for 
thermoluminescent dosimeters are 
particularly convenient)
Suitable solid tissue substitute representing 
typical breast tissue (lipid (50), water (50)
(% by mass)]*.
For certain applications (eg consistency 
checks) a plastic such as acrylic may be used.
* - A material representing lipid (67), water 
(33) (%, by mass) might be more appropriate 
when a population of women over 50 years of 
age is been screened.
The comparison of irradiations in mammography.
Reference
This report. (Section 5.1)
IlK l
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CIRS* D o sim e tric /Im ag in g  P h a n to m s  for M am m ography
These realistically shaped phantoms contain embedded details simulating microcalcifications 
and breast tumors. The phantoms are constructed from tissue substitutes representing different 
proportions of glandular and adipose tissues. Phantoms for routine measurements and research 
have been produced.
* - Computerized Imaging Reference System s, Incorporated, USA.
' u  tag ram. \ '■ ■ .. \xv? s s v . . xw. •.
P h y s ic a l D im e n s io n s
C ross-section  (a)
(D-shape)
T hickness
18 cm diameter 
5 cm (4.0 cm, 4.5 cm 
and 6.0 cm also 
available)
C alcifications
Central row (Cl) 0.12 to 0.35 mm
Subcutaneous row (C2) 0.16, 0.20, 0.23 mm
Tum ors (T) 
F ibrils (F)
Stepw edge (S)
2 to 8 mm diameter 
Three fibre spicules
5 steps, 1 cm 
thickness
P h an tom
Resin-based tissue substitutes
All phantoms are constructed with an outer 
layer of 0.5 mm thick adipose tissue substitute. 
The bulk phantom represents an average firm 
breast consisting of adipose tissue (70) and 
glandular tissue (30%, by mass). Other 
proportions are available.
T est p ieces  
C alc ifica tio n s
Calcium carbonate, magnesium oxide 
T um ors : Glandular tissue (40 to 30), adipose 
tissue (60 to 70) (%, by mass)
S tep w ed g e  : Glandular tissue (100 to 0), 
adipose tissue (0 to 100) (%, by mass) 
R eso lu tion : 3 to 16 lp mm'1 (in later versions 
of phantoms)
i H P iA p p lic a tio n s #wili||
The phantom is used for the evaluation of image quality and patient dose in mammography.
References
Fatuoros, 1982; Fatuoros ct al., 1985; Skubic & Fatuoros, 1986.
Contact Address : Computerized Imaging Reference Systems, Incorporated, 
2628 Almeda Avenue, Norfolk, Virginia 23513, USA.
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RM H“ Im ag in g  P h a n to m s  fo r M am m ography
Description
An assembly of 15 color-coded or numbered paraffin wax/beeswax cubes containing a variety 
of spheres, fibrils and microcalcifications are sandwiched between sheets of polyethylene or 
acrylic. The thickness of the phantom can be varied and also the levels of the cubes within it. The 
main feature is the facility for randomising the simulated pathology within the compressed 
breast.
“ - The Royal Marsden Hospital (London and Surrey), UK-
Phantom
C ross-section
(rectangular)
T hicknesses
Cubes
15 cm x 7.5 cm
Multiples of 5 mm 
1.5 cm side
T est p ieces  
S p h eres Nylon
F ib rils Nylon
C alc ifica tion s Foraminifera fossils
T est p ieces  
(diameters) 
(within cubes) 
Spheres  
Fibrils
C alcifications
0.74 to 6.35 mm 
0.15 to 0.35 mm 
0.15 to 0.35 mm
A p p lic a tio n s  \ S H I
1) The assessment of image quality in mammography.
2) The assessment of observer performance.
R e fe re n c e s
Davis & Tongc, 1974; Tonge &. Davis, 1978.
Contact Address : The Royal Marsden Hospital, Medical Physics Department, Fulham Road,
London SW3 6JJ, UK.
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D e sc r ip tio n V  \ \  , ■ \v I , <8|,
The phantom comprises a D-shaped block of epoxy-resin based average breast substitute 
which contains a large section of preserved breast tissue. The tissue specimen includes glandular 
tissue, lipid, carcinoma and microcalcifications. Also contained within the phantom is a test strip 
with embedded cuboids of water substitute to provide broad-area contrast, a filament of water 
substitute to simulate a fibrillar structure and smaller silicon filaments of varying diameters to 
simulate calcifications. A range of removable test strips are available. The phantom is also called 
the ’Barts/Memorial Phantom'.
a - Memorial Sloan-Kettering Cancer Center, USA. 
b - St.Bartholomew's Hospital, UK.
Specifications of selected phantom s - B reast
M em o ria l/B a rtsa’b D o s im e tric  a n d  Im ag in g  P h an to m  for
M am m ography
Phantom
Epoxy-resin based average breast substitute, 
BR12 (White et al., 1977)
T est p ieces
Water substitute WT1 (Constantinou, 1978) 
Silicon
P h y s ic a l  D im e n s io n s \ 4 N Im p
P h a n to m
C ross-section
(D-shape)
T h ick n ess
T est p ieces  
C u b oid s o f WT1 
C ross-section  
(square)
T h ick n esses
16.4 cm diameter
4.9 cm
5 mm x 5 mm
2, 4, and 6 mm
C ylin d ers o f WT1 
C ross-section  1 mm diameter
(circle)
L en g th
S ilic o n
C ross-sectio n s
(square)
L en gth
5 mm
0.1 mm x 0.1 mm 
0.2 mm x 0.2 mm 
0.3 mm x 0.3 mm
5 mm
Applications
The assessment of image quality and patient dose in mammography. The image of the breast 
tissue specimen is suitable for visual evaluation by radiologists, while the image of the test strip 
can be scanned with a microdensitometer for quantitative image analysis.
R e fe re n c e s
M as ter son ,  1977; M a s te rs on  & Mil ler ,  1979;  M a l i k  et al., 1983
C o n ta c t  A d d r e s s  : D e p a r t m e n t  o f  M ed i c a l  P h y s i c s ,  M e m o r i a l  S l o a n  Ket te ri ng  C an ce r  Center ,
1275 York A v e n u e ,  N e w  York,  N Y 1 0 0 2 1 ,  U S A .
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CGR" Im ag in g  P h a n to m  fo r M am m o g rap h y
The phantom consists of a block of acrylic with embedded test objects for measuring spatial 
resolution, contrast-detail, scatter-to-primary ratio, and detection of microcalcifications. The 
phantom is also called the NRT (Nordisk Rontgen Teknik A/S) Mammographic Test Phantom 
* - Compagnie Generale de Radiologie, Sweden.
** C U H D pi
R 2
O O  0  9 9  0 P 2
o o o o o o
C 2
Cross-section(a)
(D-shape)
T hickness
15 cm diameter
4.5 cm
R esolu tion  2 to 20 lp m m 1 parallel and 
perpendicular to anode-cathode axis of x ray 
tube (Rl, R2)
Contrast 
Pattern (PI)
Pattern (P2) 
C ontrast d eta il (D)
M ateria l x,
P h an tom
>>7:{ j:
T est p ieces As indicated in 
'Physical Dimensions'
Six steps of
varying contrast
Pb, Al, Cu foils and
background area
Dot patterns 0.5 to 3 mm
diameter in three groups
of contrasts
C alcifications 210 to 297, 149 to 210, 125 to 
177, 105 to 149 pm at same depth (Cl)
210 to 297 pm at four depths (C2)
1
The assessment of image quality in mammography.
R eferen ce
CGR, 1989.
Contact Address : Compagnie Generale de Radiologie Skandinaviska AB, Stockholm, Sweden.
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N u c lea r A ssociates*  D o sim etric /Im ag in g  P h a n to m  fo r
M am m o g rap h y  (Type : 76-001)b
: D escrip tion WM
A circular acrylic block contains a wax insert with test objects. The test objects include cal­
cium carbonate specks and nylon fibrils which simulate punctate calcifications and soft tissue 
fibrillar extensions in adipose tissue. The acrylic base block also contains a five-step air wedge to 
evaluate image contrast. Two acrylic plates which simulate additional breast tissue are also 
included.
“ - Nuclear Associates, Incorporated, USA.
b - Designed by L.Stanton, Hahnemann University, Philadelphia, USA.
M a ter ia ls  i. . v
P h an tom  Acrylic
In ser t Wax
P la te s  Acrylic
T est p ieces  As indicated in
'Physical Dimensions'
. PhysicalDimensions , j  ?v; g  i
0.10 to 0.28 mm diameter 
0.20 to 0.70 mm diameter 
0.25 to 1.27 cm depth
The phantom is used to evaluate the imaging capabilities of mammographic x ray systems. It 
can also be used to represent an average thickness patient in order to determine patient dose and 
to evaluate the performance of automatic exposure control systems.
Phantom
C ross-section
(circle)
T hickness
P la tes
C ross-section
(circle)
T h ick n ess
A p p lic a tio n s
10 cm diameter
3.7 cm
10 cm diameter
8 mm
T est p ieces  
C alc ifica tio n s (C) 
Calcium carbonate
F ib rils (F)
Nylon
H oles (H)
Air
wm.
Contact Address : N u c l e a r  A s s o c i a t e s ,  In cor por at ed ,  100 Voice  Road,  Carle  Place,
N e w  York 1 1514  - 1593,  U S A .
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A p p en d ix -3 T h e  S o u rce  S p ec ific a tio n s
1 - The Encapsulated Source:
Americium-241 incorporated in a cylindrical ceramic sealed in a welded stainless steel 
capsule.
= 7.4 GBq ( 200 mCi ) Capsule length = 10 mm 
= 7 mm Active diameter = 5 mm
= 0.2-0.3 mm
= 5 x 107 Photons/sec. per steradian (for the 59.5keV photons)
= 104 n/sec.per Ci
Neutron flux is due to (a,n) reactions with the low atomic number (for example, Si, Al, 
O) in the active material. Source was shielded and the depth of the source, from the shield 
surface, was about 8mm.
Source activity 
Capsule diameter 
Window thickness 
Photon flux 
Neutron flux
2- The Variable Source:
Rotary target holder 
(6 targets)
Dimensions in mm
Table A-3 Targets of the x-ray variable source and their energies.
Filter Z
K a
X-ray energies (keV)
Kp L a Lp! %
Cu 29 8.040
(9.9% )
8.904
(19.6% )
0.930 0.950
Rb 37 13.373
(33% )
14.956
(7.2% )
1.694
(1.4% )
1.752
(74% )
M o 42 17.441
(37% )
19.600
(19.5% )
2.293
(2.1% )
2.394
(1.18% )
2.518
Ag 47 22.101
(19% )
24.928
(10% )
2.984
(2.3% )
3.150 3.347
Ba 56 32.062
(26.4% )
36.006
(14.4% )
4.465
(2.7% )
4.827 5.156
Tb 65 44.226
(48% )
50.32
(14.6% )
6.272 6.977 7.365
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A p p e n d ix -4
T h e  C h e m ic a l C o m p o u n d s
The chemical and physical properties of the chemical compounds used to calibrate the 
performance of the PTT and CSD techniques.
Compound Fraction-by-weight
%
P
g/cm3
Z /  A Ngx 1023 
e /  g
Hexane
c 6h 12
H=14.30, C=58.63 0.66 0.571 3.439
Dimethylform amide 
C4 H9 O N
H=9.65, C=49.30, 
N=19.16, 0=21.89
0.948 0.5473 3.296
Acetylacetone
c 5 h 8 o 2
H=8.05, C=59.98, 
0=31.96
0.975 0.5396 3.250
BR12 H=8.68, C=69.95, 
N=2.37, 0=17.91 
Cl=0.14, Ca=0.95
0.97 0.5424 3.266
Dimethylsulphoxide
Q H . S O
H=7.74, C=30.75, 
0=20.48, S =41.03
1.1 0.5376 3.238
Gylcerol 
Q H g o 3
H=8.76, C=39.13, 
0=52.12
1.261 0.5425 3.267
Calcium Carbonate 
CaCo3
0=12.00, 0=47.95, 
Ca=40.00
2.70 0.4993 3.007
Calcium Orthopospate 
Ca ( P 04 )2
0=68.82, P=20.43, 
Ca=10.75
3.14 0.4974 2.995
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A p p en d ix -5
M ass a t te n u a tio n  d a ta  o f h y d ro p h il ic  m a te r ia ls
The calculated mass attenuation data, using XCOM software, of ED IS and ED4C in dry 
and wet states at photon energy range 10-200 keV are presented below.
E D I S  /  D r y
C o n s t i t u e n t s  { A t o m i c  N u m b e r : F r a c t i o n  b y  W e i g h t )
1 : 0 . 0 8 1 3 5  6 : 0 . 6 3 6 2 6  7 : 0 . 0 9 4 5 2  8 : 0 . 1 8 7 8 7
P a r t i a l  I n t e r a c t i o n  C o e f f i c i e n t s  a n d  T o t a l  A t t e n u a t i o n  C o e f f i c i e n t s
PHOTON SCATTERING PHOTO-
ENERGY COHERENT INCOHER.  E LE C T R I C
ABS OR P TI O N
P A I R  PRODUCTION  
I N  I N
NUCLEAR ELECTRON
(MeV) ( c m 2 / g ) ( c m 2 / g ) { c m 2 / g )
1 . 0 0 0 E - 0 2 1 . 7 2 E - 0 1 1 . 5 2 E - 0 1 2 . 7 0 E + 0 0
1 . 5 0 0 E - 0 2 1 . 0 3 E - 0 1 1 . 6 7 E - 0 1 7 . 3 7 E - 0 1
1 . 7 4 4 E - 0 2 8 . 3 I E - 0 2 1 . 7 1 E - 0 1 4 . 5 2 E - 0 1
2 . 0 0 0 E - 0 2 6 . 7  9 E - 0 2 1 . 7 5 E - 0 1 2 , 9 0 E - 0 1
3 . 0 0 0 E - 0 2 3 . 5 5 E - 0 2 1 . 8 0 E - 0 1 7 . 6 7 E - 0 2
4 . 0 0 G E - 0 2 2 . 1 6 E - 0 2 1 . 7 9 E - 0 1 2 . 9 7 E - 0 2
4 . 4 2 3 E - 0 2 1 . 8 1 E - 0 2 1 . 7 8 E - 0 1 2 . 1 3 E - 0 2
5 . 0 0 0 E - 0 2 1 . 4 5 E - 0 2 1 . 7 6 E - 0 1 1 . 4 2 E - 0 2
5 . 9 5 0 E - 0 2 1 . 0 6 E - 0 2 1 . 7 3 E - 0 1 7 . 9 5 E - 0 3
6 . 5 0 0 E - 0 2 8 . 9 7 E - 0 3 1 . 7 1 E - 0 1 5 . 9 2 E - 0 3
7 . 0 0 0 E - 0 2 7 . 8 1 E - 0 3 1 . 6 9 E - 0 1 4 . 6 3 E - 0 3
8 . 0 0 0 E - 0 2 6 . 0 8 E - 0 3 1 . 6 6 E - 0 1 2 . 9 7 E - 0 3
9 . 0 0 0 E - 0 2 4 . 8 5 E - 0 3 1 . 6 2 E - 0 1 2 . 0 1 E - 0 3
1 . 0 0 0 E - 0 1 3 . 9 6 E - 0 3 1 . 5 8 E - 0 1 1 . 4 2 E - 0 3
1 . 5 0 0 E - 0 1 1 . 8 0 E - 0 3 1 . 4 3 E - 0 1 3 . 7 3 E - 0 4
2 . O O O E - 0 1 1 . 0 2 E - 0 3 1 . 3 2 E - 0 1 1 . 4 7 E - 0 4
F I E L D  
( c m 2 / g )
0 . 0 0 E - 0 1  
0 . 0 0 E - 0 1  
0 . 0 0 E - 0 1  
0 . O O E - O l  
0 . 0 0 E - 0 1  
0 . 0 0 E - 0 1  
0 . 0 0 E - 0 1  
0 . 0 0 E - 0 1  
0 . 0 0 E - 0 1  
0 . 0 0 E - 0 1  
0 . 0 0 E - 0 1  
0 . 0 0 E - 0 1
0 . 0 0 E - 0 1
0 . 0 0 E - 0 1
0 . 0 0 E - 0 1
0 . 0 0 E - 0 1
F I E L D
( c m 2 / g )
0 . 0 0 E - 0 1  
0 . 0 0 E - 0 1  
0 . 0 0 E - 0 1  
0 . 0 0 E - 0 1  
0 . 0 0 E - 0 1  
0 0 E - 0 1  
0 0 E - 0 1  
0 0 E - 0 1  
O OE - O l  
0 . O OE - Ol  
0 . O OE - Ol  
0 . O OE - Ol  
0 . O O E- O l  
0 . O O E- O l  
0 . O O E - O l  
0 . O O E - O l
TOTAL ATTENUATION  
WITH WITHOUT 
COHERENT COHERENT 
S C A T T . S C A T T . 
( c m 2 / g )  ( c m 2 / g )
0 3 E + 0 0  
0 1 E + 0 0  
0 7 E - 0 1  
3 2 E - 0 1  
9 2 E - 0 1  
3 0 E - 0 1  
1 8 E - 0 1  
0 5 E - 0 1
1 .  9 2 E - 0 1
1 .  8 6 E - 0 1  
1 . 8 2 E - 0 1
1 .  7 5 E - 0 1  
1 . 6 9 E - 0 1
1 .  6 4 E - 0 1  
1 . 4 6 E - 0 1  
1 . 3 3 E - 0 1
2 . 8 5 E + 0 0  
9 . 0 4 E - 0 1  
6 . 2 4 E - 0 1  
4 . 6 4 E - 0 1  
5 6 E - 0 1  
0 9 E - 0 1  
9 9 E - 0 1  
9 1 E - 0 1  
8 1 E - 0 1  
1 . 7 7 E - 0 1  
1 . 7 4 E - 0 1  
1 . 6 9 E - 0 1  
1 . 6 4 E - 0 1  
1 . 6 0 E - 0 1  
1 . 4 4 E - 0 1
1 . 3 2 E - 0 1
E D I S  /  W e t
C o n s t i t u e n t s  ( A t o m i c  N u m b e r : F r a c t i o n  b y  W e i g h t )
1 : 0 . 0 9 9 6 8  6 : 0 . 2 5 4 5 1  7 : 0 . 0 3 7 8 1  8 : 0 . 6 0 8 0 1
P a r t i a l  I n t e r a c t i o n  C o e f f i c i e n t s  a n d  T o t a l  A t t e n u a t i o n  C o e f f i c i e n t s
PHOTON SCATTERING PHOTO­
ENERGY COHERENT INCOHER.  E L EC T RI C
ABS OR P TI O N
P A I R  PRODUCTION  
I N  I N
NUCLEAR ELECTRON
(MeV) ( c m 2 / g ) ( c m 2 / g ) ( c m 2 / g )
1 . 0 0 O E - 0 2 2 . 0 7 E - 0 1 1 . 5 4 E - 0 1 4 . 0 5 E + 0 0
1 . 5 0 0 E - 0 2 1 . 2 1 E - 0 1 1 . 6 9 E - 0 1 1 . 1 2 E + 0 0
1 . 7 4 4 E - 0 2 9 . 8 0 E - 0 2 1 . 7 3 E - 0 1 6 . 8 8 E - 0 1
2 . 0 0 0 E - 0 2 8 . 0 3 E - 0 2 1 . 7 6 E - 0 1 4 . 4 2 E - 0 1
3 . 0 0 0 E - 0 2 4 . 2 4 E - 0 2 1 . 8 2 E - 0 1 1 . 1 8 E - 0 1
4 . 0 0 0 E - 0 2 2 . 5 9 E - 0 2 1 . 8 1 E - 0 1 4 . 5 9 E - 0 2
4 . 4 2 3 E - 0 2 2 . 1 7 E - 0 2 1 . 8 0 E - 0 1 3 . 3 0 E - 0 2
5 . 0 0 0 E - 0 2 1 . 7 4 E - 0 2 1 . 7 9 E - 0 1 2 . 2 0 E - 0 2
5 . 9 5 0 E - 0 2 1 . 2 7 E - 0 2 1 . 7 6 E - 0 1 1 . 2 4 E - 0 2
6 . 5 0 0 E - 0 2 1 . 0 8 E - 0 2 1 . 7 4 E - 0 1 9 . 2  4 E - 0 3
7 . 0 0 0 E - O 2 9 . 4 1 E - 0 3 1 . 7 2 E - 0 1 7 . 2 3 E - 0 3
8 . 0  0 0 E - 0 2 7 . 3 3 E - 0 3 1 . 6 8 E - 0 1 4 . 6 5 E - 0 3
9 . OOOE- 02 5 . 8 6 E - 0 3 1 . 6 4 E - 0 1 3 . 1 5 E - 0 3
1 . 0 0 0 E - 0 1 4 . 8 0 E - 0 3 1 . 6 1 E - 0 1 2 . 2 2 E - 0 3
1 . 5 0 0 E - 0 1 2 . 1 9 E - 0 3 1 . 4 6 E - 0 1 5 . 8 8 E - 0 4
2 . 0 0 0 E - 0 1 1 . 2 4 E - 0 3 1 . 3 4 E - 0 1 2 . 3 2 E - 0 4
F I E L D
( c m 2 / g )
0 . 0 0 E - 0 1  
0 . 0 0 E - 0 1  
0 . 0 0 E - 0 1  
0 . 0 0 E - 0 1  
0 . 0 0 E - 0 1  
0 - 0 0 E - 0 1  
0 . 0 0 E - 0 1  
0 . 0 0 E - 0 1  
0 . 0 0 E - 0 1  
0 . 0 0 E - 0 1  
0 . O O E - O l  
0 . 0 0 E - 0 1  
0 . 0 0 E - 0 1  
0 . O O E - O l  
0 . O O E- O l  
0 . O O E- O 1
F I ELD  
( c m 2 / g )
0 . O O E - O l  
0 . O O E - O l  
0 . O OE - Ol  
0 . O O E - O l  
0 . O O E - O l  
0 . O O E - O l  
0 . OOE- Ol  
0 . O O E - O l  
0 . O OE- Ol  
0 . OOE- Ol  
0 . O O E - O l  
0 . OOE- Ol  
0 . O O E - O l  
0 . OOE- Ol  
0 . O O E - O l  
0 . 0 0 E -  0 1
TOTAL ATTENUATION  
WITH WITHOUT 
COHERENT COHERENT 
SCATT.  S CATT.  
( c m 2 / g )  ( c m 2 / g )
4 . 4 1 E + 0 0  
1 . 4 1 E + 0 0  
9 . 5 9 E - 0 1  
6 . 9 9 E - 0 1  
4 2 E - 0 1  
5 3 E - 0 1  
3 5 E - 0 1  
1 8 E - 0 1  
0 1 E - 0 1  
9 4 E - 0 1  
8 8 E - 0 1  
8 0 E - 0 1
T . 7  3 E - 0 1
6 8 E - 0 1  
4 9 E - 0 1  
3 5 E - 0 1
4 . 2 0 E + 0 0  
1 . 2 8 E + 0 0  
8 . 6 1 E - 0 1  
6 . 1 8 E - 0 1  
3 . O O E- O l  
2 . 2 7 E - 0 1  
2 . 1 3 E - 0 1  
0 1 E - 0 1  
8 8 E - 0 1  
8 3 E - 0 1  
7 9 E - 0 1  
7 3 E - 0 1  
6 8 E - 0 1  
6 3 E - 0 1  
4 6 E - 0 1  
3 4 E - 0 1
235
ED4C / Dry
C o n s t i t u e n t s  ( A t o m i c  N u m b e r : F r a c t i o n  b y  W e i g h t )
1 : 0 . 0 8 1 4 0  6 : 0 . 6 3 8 6 9  7 : 0 . 1 0 0 8 2  8 : 0 . 1 7 9 0 8
P a r t i a l  I n t e r a c t i o n  C o e f f i c i e n t s  a n d  T o t a l  A t t e n u a t i o n  C o e f f i c i e n t s
PHOTON
ENERGY
(MeV)
1 . 0 0 0 E  
1 . 5 0 0 E  
1 . 7 4 4 E  
0 0 0 E  
0 0 0 E  
0 0 0 E  
4 2 3 E  
5 . 0 0 0 E  
5 . 9 5 0 E  
6 . 5 0 0 E  
7 . 0 0 0 E  
8 . 0 0 0 E  
9 . 0 0 0 E  
1 . 0 0 0 E  
1 . 5 0 0 E  
2 . 0 0 0 E
SCATTERING PHOTO-
COHERENT I NCOHER.  ELECT RI C  
A BS OR PTI ON
( c m 2 / g )  ( c m 2 / g )  ( c m 2 / g )
P A I R  PRODUCTION  
I N  I N
NUCLEAR ELECTRON 
F I E L D  F I E L D
( c m 2 / g )  ( c m 2 / g )
TOTAL ATTENUATION 
WITH WITHOUT 
COHERENT COHERENT 
S C A T T . S C AT T . 
( c m 2 / g )  ( c m 2 / g )
-02
•02
-02 8 
•02 6
•02
■02
•02
■02
-02
-02 8
-02
■02
■02
■01
-01
■01
. 7 2 E - 0 1  
. 0 2 E - 0 1  
. 2 8 E - 0 2  
. 7 7 E - 0 2  
. 5 4 E - 0 2  
. 1 6 E - 0 2  
. 8 0 E - 0 2  
. 4 5 E - 0 2  
. 0 5 E - 0 2  
. 9 4 E - 0 3  
. 7  9 E - 0 3  
. 0 5 E - 0 3  
. 8 4 E - 0 3  
. 9 5 E - 0 3  
. 7  9 E - 0 3  
. 0 2 E - 0 3
1 . 5 2 E -  
1 . 6 7 E -  
1 . 7 1 E -  
1 . 7 5 E -  
1 . 8 0 E -  
1 . 7 9 E -  
1 . 7 8 E -  
1 . 7 6 E -  
1 . 7 3 E -  
7 1 E -  
6 9 E -  
6 6 E -  
6 2 E-  
1 . 5 8 E -  
1 . 4 3 E -  
1 . 3 2 E -
01
01
■01
01
01
01
■01
•01
■01
•01
■01
■01
•01
■01
■01
■01
. 6 8 E + 0 0  
. 3 0 E - 0 1  
. 4 8 E - 0 1  
. 8 7 E - 0 1  
. 6 0 E - 0 2  
. 9 4 E - 0 2  
. 1 1 E - 0 2  
. 4 0 E - 0 2  
. 8 7 E - 0 3  
. 8 7 E - 0 3  
. 5 9 E - 0 3  
. 9 4 E - 0 3  
. 9 9 E - 0 3  
. 4 0 E - 0 3  
. 7 0 E - 0 4  
. 4 6 E - 0 4
0 . 0 0 E -  
0 . 0 0 E -  
0 . 0 0 E -  
0 . 0 0 E -  
0 . 0 0 E -  
0 .  0 0 E -  
0 . 0 0 E -  
0 . 0 0 E -  
0 . 0 0 E -
o . o o e - 
0 . o o e -
0 . 0 0 E -  
0 . 0 0 E -  
0 . 0 0 E -  
0 . 0 0 E -  
0 . 0 0 E -
01 0, 
01 0 
01 0 
01 0 
■01 0 
01 0 
01 0 
■01 0 
■01 0 
■01 0 
01 0 
■01 0 
■01 0 
•01 0 
■01 0 
■01 0
0 0 E - 0 1
0 0 E - 0 1
0 0 E - 0 1
0 0 E - 0 1
0 0 E - 0 1
0 0 E - 0 1
0 0 E - 0 1
0 0 E - 0 1
0 0 E - 0 1
0 0 E - 0 1
0 0 E - 0 1
0 0 E - 0 1
0 0 E - 0 1
0 0 E - 0 1
0 0 E - 0 1
O O E - O l
3 . 0 0 E + 0 0  
l .OOE-fOO  
7 . 0 3 E - 0 1  
5 . 3 0 E - 0 1  
2 . 9 1 E - 0 1  
2 . 3 0 E - 0 1 
2 . 1 7 E - 0 1  
0 5 E - 0 1  
9 2 E - 0 1  
8 6 E - Q 1  
8 2 E - 0 1  
7 5 E - 0 1  
6 9 E - 0 1  
6 4 E - 0 1  
4 6 E - 0 1
1 . 3 3 E - 0 1
2 . 8 3 E + 0 0  
8 . 9 8 E - 0 1  
6 . 2 0 E - 0 1  
4 . 6 2 E - 0 1  
5 6 E - 0 1  
0 9 E - 0 1  
9 9 E - 0 1  
9 0 E - 0 1  
8 1 E - 0 1  
1 . 7 7 E - 0 1  
1 . 7 4 E - 0 1  
1 . 6 9 E - 0 1  
1 . 6 4 E - 0 1  
1 . 6 0 E - 0 1  
1 . 4 4 E - 0 1  
1 . 3 2 E - 0 1
ED4C /  W e t
C o n s t i t u e n t s  ( A t o m i c  N u m b e r : F r a c t i o n  b y  W e i g h t )
1 : 0 . 1 0 3 3 6  6 : 0 . 1 7 8 8 3  7 : 0 . 0 2 8 2 3  8 : 0 . 6 8 9 5 8
P a r t i a l  I n t e r a c t i o n  C o e f f i c i e n t s  a n d  T o t a l  A t t e n u a t i o n  C o e f f i c i e n t s
PHOTON SCATTERING PHOTO­
ENERGY COHERENT I NCOHER.  ELE CT R IC
ABS OR PTI ON
(MeV) ( c m 2 / g ) ( c m 2  /  g )
1 . 0 0 0 E - 0 2 2 . 1 4 E - 0 1 1 . 5 4 E - 0 1
1 . 5 0 0 E - 0 2 1 . 2 5 E - 0 1 1 . 6 9 E - 0 1
1 . 7  4 4 E - 0 2 1 . 0 1 E - 0 1 1 . 7 3 E - 0 1
2 . 0 0 0 E - 0 2 8 . 2 7 E - 0 2 1 . 7 7 E - 0 1
3 . 0 0 0 E - 0 2 4 . 3 7 E - 0 2 1 . 8 2 E - 0 1
4 . 0 0 0 E - 0 2 2 . 6 7 E - 0 2 1 .  8 2 E - 0 1
4 . 4 2 3 E - 0 2 2 . 2 4 E - 0 2 1 . 8 1 E - 0 1
5 . 0QOE- O2 1 . 8 0 E - 0 2 1 . 7 9 E - 0 1
5 . 9 5 0 E - 0 2 1 . 3 1 E - 0 2 1 . 7 6 E - 0 1
6 . 5 0 0 E - 0 2 1 . 1 2 E - 0 2 1 . 7 4 E - 0 1
7 . 0 0 0 E - 0 2 9 . 7 2 E - 0 3 1 . 7 2 E - 0 1
8 . 0 0 0 E - 0 2 7 . 5 7 E - 0 3 1 . 6 9 E - 0 1
9 . 0 0 0 E - 0 2 6 . 0 6 E - 0 3 1 . 6 5 E - 0 1
1 . 0 0 0 E - 0 1 4 . 9 6 E - 0 3 1 . 6 1 E - 0 1
1 . 5 0 0 E - 0 1 2 . 2  6 E - 0 3 1 . 4 6 E - 0 1
2 . OOOE-O1 1 . 2 8 E - 0 3 1 . 3 4 E - 0 1
P A I R  PRODUCTION  
I N  I N
NUCLEAR ELECTRON 
F I E L D  F I E L D
( c m 2 / g )  ( c m 2 / g )
TOTAL ATTENUATION 
WITH WITHOUT 
COHERENT COHERENT 
S C A T T . S C A TT . 
( c m 2 / g )  ( c m 2 / g )
3 1 E + 0 0  
, 1 9 E + 0 0  
3 4 E - 0 1  
7 2 E - 0 1  
2 6 E - 0 1  
9 1 E - 0 2  
5 3 E - 0 2  
. 3 5 E - 0 2  
. 3 3 E - 0 2  
8 9 E - 0 3  
7 4 E - 0 3  
. 9 8 E - 0 3  
. 3 7 E - 0 3  
. 3 8 E - 0 3  
. 3 0 E - 0 4 
, 4 9 E - 0  4
0 . 0 0 E -  
0 . 0 0 E -  
0 . 0 0 E -  
0 . 0 0 E -  
0 . 0 0 E -  
0 . 0 0 E -  
0 . 0 0 E -  
0 . 0 0 E -  
0 . 0 0 E -  
0 . 0 0 E -  
0 . 0 0 E -  
0 . 0 0 E -  
0 . 0 0 E -  
0 . 0 0 E -  
0 . 0 0 E -  
0 .OOE-
O l  0 
01 0 
01 0 
01 0 
01 0 
01 0 
01 0 
01 0 
01 0 
01 0 
01 0 
01 0 
01 0 
01 0 
01 0 
01 0
. O O E - O l  
. O O E - O l  
. O O E - O l  
. O O E - O l  
. O O E - O l  
. O O E - O l  
. O O E - O l  
. O O E - O l  
. O O E - O l  
. O O E - O l  
. O O E - O l  
. O O E - O l  
. O O E - O l  
. O O E - O l  
. O O E - O l  
. O O E - O l
4 . 6 8 E + 0 0  
1 . 4 8 E + 0 0  
1 . 0 1 E + 0 0  
7 . 3 1 E - 0 1  
3 . 5 2 E - 0 1  
2 . 5 8 E - 0 1  
2 . 3 9 E - 0 1  
2 . 2 1 E - 0 1  
2 . 0 2 E - 0 1  
1 . 9 5 E - 0 1  
1 . 9 0 E - 0 1  
1 . 8 1 E - 0 1  
1 . 7 4 E - 0 1  
1 . 6 9 E - 0 1  
1 . 4 9 E - 0 1  
1 . 3 6 E - 0 1
4 . 4 6 E + 0 0  
1 . 3 6 E + 0 0  
9 . 0 7 E - 0 1  
6 . 4 9 E - 0 1  
3 . 0 8 E - 0 1  
2 . 3 1 E - 0 1  
2 . 1 6 E - 0 1  
2 . 0 3 E - 0 1  
1 . 8 9 E - 0 1  
8 4 E - 0 1  
8 0 E - 0 1  
7 4 E - 0 1  
6 8 E - 0 1  
6 4 E - 0 1  
4 7 E - 0 1
1 . 3 5 E - 0 1
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